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Abstract - Cell behavior is modulated by mechanical stimuli including mechanical stress and 
strain, substrate stiffness, and geometric constraint. Cells convert these mechanical stimuli 
through a cellular process known as mechanotransduction. These mechanical cues are 
essential for many cellular functions including proliferation, growth, and migration. Because 
of the profound effect of mechanical cues on cell behavior and tissue homeostasis it is 
important to study cell mechanotransduction. Previous studies into mechanotransduction 
have only examined the effects of one or two mechanical cues on cellular behavior. However, 
cells in the body are not limited to being exposed to only one mechanical cue. Thus, this 
project aims to adapt a method to combine all of these mechanical cues for cell 
mechanotransduction studies. This method includes the use of micropatterning to achieve 
geometric constraint, adjustable Polyacrylamide (PA) gels to alter substrate stiffness, and 
the use of fiducial markers to quantify cell traction forces. Micropatterning was completed 
on PA gels with various levels of stiffness. Additionally, we were able to micropattern on PA 
gels adhered to stretchable wells for cell stretching experiments. Fiducial markers were 
added to the PA gels for measurement of cell traction forces. A cell stamping device was 
developed with the potential to make the method easier and more reproducible. All of these 
methods were combined and in the future can be utilized by mechanobiology researchers to 
better understand how combining multiple mechanical stimuli modulates cell behavior.  
1. Introduction 
A variety of mammalian cells are regularly exposed to various mechanical stimuli (Hecht et 
al., 2012). Cells convert these mechanical stimuli into a cellular response in a process called 
mechanotransduction. Cellular processes including proliferation, growth, migration, and gene 
expression are all dependent on cell mechanotransduction (Dietl, Frick, Mair, Bertocchi, & Haller, 
2004). For example, endothelial cells which compose the inner lining of the blood vessels are 
constantly exposed to shear stresses as a result of blood flow. These forces are essential for blood 
vessel development during embryogenesis and for regulation of vessel diameter during adulthood 
(Li, Huang, & Hsu, 2005).  
Because mechanical cues are essential to cellular functions, changes in mechanical stimuli 
can cause disease. Atherosclerosis, for instance, is mediated by endothelial mechanotransducers 
which sense disturbances in fluid-flow and cause abnormalities in the blood vessel. These changes 
in flow cause the vessel to become less compliant causing it to become narrowed and hardened 
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which can lead to blockages in the vessels. Since mechanical stimuli have a profound effect on cell 
behavior, it is important that cell mechanotransduction is studied for better understanding of the 
relationship between cell behavior and tissue homeostasis (Hahn & Schwartz, 2009).  
Cell stretching is one type of mechanical stimuli that has a profound effect on cell behavior. 
This occurs in vivo in the lungs during breathing. Alveolar epithelium is cyclically stretched as air 
fills and is released from the alveolar space (Dietl, Frick, Mair, Bertocchi, & Haller, 2004). In 
addition, cyclic stretching of cardiac muscle due to blood pressure causes cardiac myocytes to 
produce muscle mass (Sadoshima & Izumo, 1997).  
Because cell stretching has profound implications for several physiological processes, it is 
important to develop in vitro methods for studying cell mechanotransduction due to cell strain. 
There are several commercial devices available for stretching cells, including the Flexcell system 
(Flexcell International Corp., Burlington, North Carolina) and the Strex cell stretching system 
(STREX Inc., Osaka, Japan). These devices are designed to apply strain at a variety of rates and 
frequencies using motors or vacuum pressures. Altering strain rates, frequencies, and directions 
can be used to mimic in vivo mechanical stretching. 
Geometric constraint is another mechanical stimulus that affects cell behavior. The 
presence of scaffold boundaries influence how cells spread, retract, align, and communicate (Dado 
& Levenberg, 2009). The effect of geometric constraint can be seen in vivo during angiogenesis 
which is highly dependent on the cell microenvironment. While angiogenesis is usually favorable 
due to its role in healthy tissue growth and disease pathogenesis, current studies have shown that 
suppression of angiogenesis can prevent tumor growth. This implies that altering the 
microenvironment of capillary endothelial cells can interfere with angiogenesis and potentially be 
used as a cancer therapy (Dike et al., 1999). Due to similar clinical implications it is important to 
understand how geometric constraints direct cell behavior. This is studied in vitro by 
micropatterning cells and proteins. In general, micropatterning is achieved by adhering ECM 
proteins to an otherwise cell non-adhesive surface. Cells adhere only to the protein allowing them 
to form cell clusters with defined geometry.  
Finally, substrate stiffness is an important mechanical stimulus which modulates cell 
behavior. This can be observed when looking at changes in cell differentiation in the heart after 
heart attack. After myocardial infarction, regions of the heart become stiff due to the presence of 
scar tissue. This change in stiffness causes cardiac fibroblasts to differentiate into myofibroblasts 
(Wang, Chen, Seth, McCulloch, 2003). Altering substrate stiffness is another powerful tool that 
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mechanobiology researchers can use to understand cellular mechanotransduction. This can be 
done by altering the concentration of cross-linker in a polymeric hydrogel used for cell culture. 
The effect of mechanical stimuli on cell behavior is frequently studied. However, what these 
studies lack is a comprehensive understanding on how these stimuli work together to direct cell 
behavior. The ability to control various mechanical stimuli during cell mechanotransduction studies 
would be an invaluable tool for mechanobiology researchers.  Due to the fact that one-dimensional 
analyses are not an accurate representation of cells in vivo which limits the accuracy of 
mechanotransduction analysis. Additionally, studying how multiple mechanical stimuli affect a cell 
at once is important for understanding the intricacies of cell mechanotransduction. The goal of this 
project is to develop a novel method for stretching cells and cell clusters on substrates with varying 
levels of stiffness in a reproducible manner. This will allow for the study of cell 
mechanotransduction in response to mechanical stretch, substrate stiffness, and geometric 
confinement.   
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2. Literature Review 
2.1. Significance 
Many physiologic phenomena are a direct result of mechanical stimuli. Tennis players will 
find higher bone density in their racket-holding arm (Haapasalo et al., 1998). Surfers who paddle on 
their knees frequently develop exostoses on the tibial eminence due to reaction forces exerted from 
their board (Agha, Ogawa, Pietramaggiori, & Orgill, 2011). Astronauts undergo muscle wasting and 
bone density loss due to lower gravitational forces in space (Vandenburgh, Chromiak, Shansky, Del 
Tatto, & Lemaire, 1999; Agha, 2005). 
On the cellular level, it can be seen that various mechanical stimuli direct cell behaviors 
including proliferation, differentiation, and apoptosis (Cirka et al., 2016). These are essential for 
maintaining healthy tissue function and homeostasis. Thus, altering mechanical stimuli can lead to 
physiologic changes including disease or tissue abnormalities (Wang & Thampatty, 2006). 
Modulating cellular behavior through strategic applications of mechanical cues has potential for 
incorporation in tissue engineering or medical device design. For instance, all phases of the wound 
healing process are influenced by mechanical forces. In clinical applications mechanical force can be 
used to accelerate wound healing and to reduce scar tissue development (Agha, Ogawa, 
Pietramaggiori, & Orgill, 2011). This also has clinical implications, during bone fracture osteocytes 
and osteoblasts in the affected bone use cues from their mechanical environment to initiate the 
healing process (Augat, Simon, Liedert, & Claes, 2005). For this reason, doctors recommend early 
weight-bearing for broken bones which allows for more rapid bone restoration (Ligier, Metaizeau, 
Prvot, & Lascombes, 1988). 
As a direct result of mechanical stimuli, cells elicit responses known as 
mechanotransduction in order to direct physiological function. Cells in vivo use 
mechanotransduction mechanisms in many sensory functions including hearing, touch, 
baroreception, proprioception, and gravity sensation. One type of cellular mechanotransduction is 
cell traction forces (CTFs). These play an important role in several cell behaviors including 
communication, differentiation, and migration (Dado et al. 2009; Deck, Thubrikar, Schneider, & 
Nolan, 1988; Wang & Pelham, 1998). Migrating cells must be able to detach, yet be able to exert 
traction on the substrate. As a result of this relationship, migrating speed is a direct function of the 
strength of cell-ECM attachment and has dramatic effects on migration (Lauffenbruger & Horwitz, 
1996). Weaker cell adhesions allow the cell to migrate, while stronger adhesions limit cell 
migration (Beningo et al., 2001). When the cells exert weak traction forces they not only limit 
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migration of the cells but also lead to a significantly slower wound healing process (Beningo et al., 
2001). Measuring CTFs is important for understanding how cells undergo mechanotransduction. 
This can increase understanding of processes such as cell migration which can help researchers 
have a better understanding of wound-healing. 
2.2. Effect of Mechanical Forces on Cellular Behavior 
The human body is constantly being exposed to various mechanical stresses on both a 
microscopic and macroscopic scale. Such stresses include gravitational forces, tensile forces from 
muscles acting on the bones, compressive forces on cartilage and bones due to walking, and shear 
forces on the vessels due to blood flow (Discher, Janmey, & Wang, 2005). Mechanical forces are 
important for maintaining homeostasis in many physiological processes, such as healthy 
cardiovascular and skeletal muscle along with bone function and repair. The endothelial tissue in 
blood vessels is constantly exposed to hemostatic forces due to blood flow. When vascular 
endothelial cells are under static conditions, they will undergo cell apoptosis, as mechanical forces 
are critical for cellular function and vascular remodeling (Azuma et al., 2000; Kaiser, Freyberg, & 
Friedl, 1997). Mechanical loading is also imperative for cartilage maintenance and repair. In cases 
where there is inappropriate mechanical loading, osteoarthritis occurs and the cartilage breaks 
down (Lane Smith et al., 2000).   
2.3. Effect of Substrate Stiffness on Cellular Behavior 
The stiffness of the surface where cells grow affects cell 
behavior including morphology and differentiation (Engler, Sen, 
Sweeney, & Discher, 2006). In vivo the stiffness of the substrate is 
determined by the cells extracellular matrix, and because of this 
substrate stiffness can alter cell differentiation. For example, adult 
stem cells can differentiate into a specific lineage based on the 
substrate stiffness (Engler, Sen, Sweeney, & Discher, 2006).  
In vitro cells will change their morphology in response to 
substrate stiffness. Cells such as fibroblasts and endothelial cells 
will have a larger spread area and a flatter morphology on a stiffer 
substrate (Yeung et al., 2005). On a softer substrate, however, they 
will decrease their spread area and constrict their cytoskeleton 
(Fig. 1) (Cirka et al., 2016). 
Figure 1: Cells on a soft substrate will have 
a smaller spread area than cells on a stiff 
substrate (Throm et al, 2011). 
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Physiological stiffness varies by orders of magnitude, and while cells can form attachments 
on a wide range of material stiffness, the most common attachment site for mammalian cells in vivo 
is to another similar cell or the extracellular matrix, both of which have elastic moduli ranging from 
a stiffness of 10 to 10,000 Pa (Yeung et al., 2005). Meanwhile, many cell culture plates are on the 
order of GPa’s which are much stiffer than physiologic stiffness. Physiologic stiffness in the body 
ranges from soft such as the brain (0.5 kPa) to moderately stiff such as skin and muscles (10 kPa) to 
stiff such as pre calcified bone (30 kPa) all of which are much less stiff than cell culture dishes 
(Mitragotri & Lahann, 2009; Yeung et al., 2005). While cells are still able to form attachments on 
ultra-stiff substrates such as cell culture dishes, these attachments are not an accurate 
representation of how cells behave in vivo, making this an important consideration when modeling 
physiological stiffness in vitro (Yeung et al., 2005).  
2.4. Effects of Geometrically Constraining Cells 
Under traditional culture conditions, 
where cells are incubated in petri dishes, cells are 
not defined by geometrical constraint as they are 
free to spread across the dish. Micropatterning 
involves restricting the geometry of a cell cluster 
(Fig. 2). Using micropatterning allows for analysis 
of how restricting geometric size and shape can 
affect cellular behavior in vitro. With the use of 
micropatterning, cells can be shifted from growth 
to apoptosis by using substrates that contain 
extracellular matrix-coated adhesive cell clusters 
of decreasing size. This shift from growth to 
apoptosis can be attributed to one of two possibilities. These being that growth increases with 
surface area in contact with the cell and that growth depends on the extent of cell spreading rather 
than the area of contact (Kane, Takayama, Ostuni, Ingber, & Whitesides, 1999). Cell shape has been 
found to have the ability to determine whether a cell will undergo growth or apoptosis regardless 
of the type of matrix protein used to mediate adhesions. Micropatterning techniques can be used to 
define how shape regulates the cell function to understand the shape-dependent control of growth 
and apoptosis (Kane, Takayama, Ostuni, Ingber, & Whitesides, 1999).   
Figure 2: Micropatterned valve interstitial cells on collagen 
(200µm). 
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Differentiation studies have shown that when cells are cultured in geometrically confined 
shapes, such as rectangles or ovals, that occupy the same area, they can differentiate into different 
cell types based on the shape that the cells are confined to. This indicates that cells differentiate in 
response to shape cues in a way that is consistent with the native geometry of cells of that lineage. 
For example, round cells with low stress promote fat cells and contractile pointed shaped cells 
promote bone (Kilian, Bugarija, Lahn, & Mrksich, 2010).  
 This work points to the idea that geometric shape cues play a crucial role in orchestrating 
mechanochemical signals and paracrine/autocrine factors that can direct the fate of cells (Kilian, 
Bugarija, Lahn, & Mrksich, 2010). Continued research into the geometry of a cells environment may 
be beneficial to understand the mechanisms by which cells differentiate and respond to mechanical 
stimuli influenced by their surroundings, leading to a more in depth understanding of cellular 
decisions in vivo.  
2.5. Cell Traction Forces 
Cell traction forces (CTFs) are the forces that a cell exerts on its environment in response to 
external stimuli (Wang & Lin, 2007). These are crucial to cell behaviors such as proliferation, 
differentiation, migration, adhesion, and ECM assembly (Cirka et al., 2016; Zündel, Ehret, & Mazza, 
2017). Many biological processes are also dependent on CTF generation including wound healing, 
angiogenesis, and metastasis (Wang & Lin, 2007). CTFs vary depending on the type of cell and the 
pathological conditions (Aigner & Stöve, 2003). CTFs are generated through the actin-myosin 
machinery of the cytoskeleton and are transmitted to the extracellular matrix via integrin’s. The 
external stresses on the ECM modulate various cellular responses such as protein secretion and 
differentiation. Lack of normal CTF generation results in abnormalities such as hypertension, 
fibrosis, and cancer (Cirka et al., 2016).  
Because cells produce CTFs as a response to mechanical 
stimuli, measuring CTFs can be used to quantify cell 
mechanotransduction. These are measured by adding fluorescent 
microbeads to the substrate used for cell culture. These fluorescent 
microbeads can be seen under the microscope, and when a cell 
contracts, it will displace the microbeads. The microbead displacement 
can be measured to find cell traction force (Fig. 3) Figure 3: When cells exert CTFs,  they 
displace the microbeads. The 
displacement of the beads is used to 
calculate cell traction force. 
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2.6. Conclusion 
Understanding how cells react to different mechanical stimuli in vitro can expose unique 
cellular behaviors and further understanding of how cells withstand being subjected to mechanical 
forces as well as the effects of forces exerted by cells themselves in vivo.  A combination of 
micropatterning, cell stretching, and substrate stiffness can be utilized to the mechanical 
environment of a cell in vitro. Cell traction forces can be measured to further quantify the effects of 
mechanical cues on cell mechanotransduction. 
It is important that accurate mechanical models are 
developed for cell mechanotransduction studies. Currently, 
most cell mechanotransduction studies only control one 
mechanical stimuli; however, this is an incomplete model 
because it ignores the interaction of multiple stimuli. For 
example, it is well established that cells will change their 
morphology when exposed to a stiff or soft substrate 
(Rammohan & Raghavan, 2014). A cell on a stiff substrate 
will spread out while a cell on a soft substrate will constrict 
its cytoskeleton. One study has shown that if you take a cell 
on a soft substrate and apply strain, it will change its 
morphology to be similar to a cell on a stiff substrate (Fig. 4) 
(Cirka et al., 2016). This is critical because it shows that applying multiple mechanical stimuli to a 
cell will alter its behavior. It is crucial that mechanotransduction models apply multiple stimuli to 
the cells to accurately depict what cells are exposed to in the body. This project aims to address this 
gap by developing a method to combine three mechanical stimuli (geometric constraint, substrate 
stiffness, and cell stretching). This will provide a more comprehensive model for mechanobiology 
researchers to use when conducting mechanotransduction studies.  
 
 
  
Figure 4: Cells on soft and stiff substrates have different 
morphologies. However, when a cell on a soft substrate 
is stretched, it changes its morphology to match a cell 
on a stiff substrate (Throm et al, 2011) 
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3. Project Strategy 
This chapter will provide insight to the project strategy employed to complete this Major 
Qualifying Project (MQP). Developing a strategic project approach allowed the team to prioritize 
the project needs and create a revised client statement. This information was used to create a 
project timeline and delegate specific sub-goals to all team members. Based on the prioritized 
needs and constraints, the team gained a better understanding of the project and adjusted the 
original client statement as needed.  
3.1. Initial Client Statement 
At an initial meeting with the client, Professor Kristen Billiar of the Tissue Mechanics and 
Mechanobiology lab, the following client statement was defined: 
There is a need for a system which will allow for patterned groups of cells to be 
cyclically stretched for multiple days with measurement of cell traction forces. 
The team was able to take this client statement and break it down into specific needs. The 
initial needs of the project were to produce a method for micropatterning clusters of cells onto PA 
gels. The cell clusters are to be confined on PA gels of varying levels of stiffness. We also need to 
incorporate a way to quantify cell mechanotransduction by measuring CTFs with the use of fiducial 
markers.   
After receiving this client statement and analyzing the above needs, a literature review was 
performed to provide background on micropatterning methods and the effects of mechanical 
forces, substrate stiffness, cyclic stretching, and geometric cues on cell behavior. 
3.2. Objectives 
To better understand the scope of this project and to meet the expectations of our client, 
our team identified objectives, which are defined as features desired and specified by the client (Fig. 
5). Identifying objectives is important for organizing the design space and for devising a design plan 
that will lead to a final method which will need the needs of the client.  
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Figure 5: Project objectives were identified in order to meet the client expectations 
3.3. Requirements 
The team also identified requirements which are necessary features for a successful project. 
Identifying project requirements enabled the team to understand the challenges associated with 
this project and set realistic goals.  
The first requirement is that micropatterning must be achieved on substrates with alterable 
stiffness. The next requirement is that stretching must be achieved using the 4-motor cell stretching 
device created by the 2012 MQP, or an alternative method for cell stretching must be achieved. If 
the 4-motor device is used, micropatterning must be achieved on stretchable substrates. The third 
requirement is that a cell cluster undergoing a stretching experiment must be able to be tracked 
throughout the duration of an experiment. Finally, in order to quantify cell mechanotransduction, 
measurement of cell traction forces must be incorporated into the final design by incorporating 
fluorescent microbeads. These requirements are summarized in Figure 6. 
 
Figure 6: Project requirements were identified in order to meet the objectives 
Increase 
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Stretch Cell 
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Micropatterning 
on substrates of 
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11 
 
3.4. Constraints 
This section identifies constraints defined for successful completion of this Major Qualifying 
Project (Fig. 7 & 8). Identifying constraints enabled the team to understand the challenges 
associated with this project and set realistic goals.  
First, technical constraints were considered. These included constraints for 
micropatterning, cell stretching, relocating cell clusters, and measuring CTFs. Micropatterning 
constraints included the size and shape of micropatterned clusters and the number of successful 
cell clusters per print. Cell stretching constraints included that the adapted method needed to be 
compatible with the 4-motor cell stretching device developed by a past MQP. For relocating cell 
clusters, the method used needed to be compatible with the cell stretching device available, the 
Zeiss microscope, and the micropatterning method. Cell traction force measurements required a 
minimum bead density and that beads were uniformly applied to PA gels. These constraints are 
summarized in Figure 7. 
 
Figure 7: Technical constraints required for final design 
Non-technical constraints were also considered in order to help facilitate a smooth design 
process (Fig. 8). These constraints included a limited budget of $250/person ($1000 total) and a 
restricted time frame. This project began in September 2016 and was completed in late April 2017 
allowing approximately eight months for completion. An additional constraint associated with this 
project was access to equipment and materials. Such as specific equipment must be booked in 
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advance and the team must be aware of the restrictions when using expensive and time-sensitive 
biological materials. In addition, many experiments are time sensitive and often span over multiple 
days requiring both time and flexibility.  
 
Figure 8: Project constraints were identified in order to minimize threats 
 
3.5. Revised Client Statement 
Following the identification of design objectives and constraints the team was able to adjust 
the original client statement to more accurately describe the defined needs. This revised client 
statement can be seen below: 
Design and develop a method where geometrically confined cell clusters of defined 
size and shape can be stamped onto substrates with various levels of stiffness in a 
uniform and repeatable fashion. The construct should be able to be stretched for 
multiple days with the measurement of cell traction forces. Cell constructs must have 
the ability to be relocated after several days. 
The revised client statement composes a more in-depth description of the desired outcomes 
of this project. This revised client statement can then be broken down into five sub-goals:  
1. Micropatterning cell clusters onto stretchable substrates  
2. Determining a method for cyclically stretching cell clusters   
3. Using fiducial markers to measure CTFs  
4. Relocating cells and cell clusters  
Budget
$250/person
($1000 total)
Time
8 month project 
time frame
5+ hour experiments 
must be 
accomodated into 
student schedule
Equipment
Must get properly 
trained
Must be booked in 
advanced
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5. Increase the repeatability of the micropatterning method 
3.6. Project Approach 
This project was broken down into five major design components or sub-goals. The first 
sub-goal is that cells must be micropatterned onto stretchable substrates. The stretchable 
substrates are important for cell stretching experiments. The next sub-goal is that the team must 
determine a method or device for cyclically stretching cells and cell clusters. This can be achieved 
through using and verifying the strain profile of the 4-motor stretching device, or by choosing and 
verifying an alternative method. The third sub-goal is that fiducial markers must be incorporated 
into the final design in order to quantify cell mechanotransduction through the measurement of cell 
traction forces. The fourth sub-goal is that a particular cell cluster must be able to be tracked 
throughout a stretching experiment for cell mechanotransduction analysis over defined periods of 
time. The final micropatterning method must have increased repeatability and reliability.  
To complete the design, each team member took responsibility for a particular sub-goal and 
generated alternative designs and conducted experiments to confirm the final design. In addition, a 
literature review was conducted and existing designs and methods were reviewed in order to best 
meet the client needs. This will be further elaborated on in Chapter 3. 
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4. Alternative Designs 
4.1. Needs Analysis 
As stated in chapter three, five sub-goals were developed to aid in the design of the final 
product (Fig. 9). The following chapter will describe the design process in completion of these goals 
which were developed from the project objectives and requirements.  
 
Figure 9: The project design was broken down into the following sub-goals and each team member took primary 
responsibility for a sub-goal 
The needs of each sub-goal were determined and the deliverables and expected functions 
were analyzed (Table 1). Each team member adopted a sub-goal. This allowed the team to simplify 
the design process by dividing expertise. 
Table 1: Needs analysis separated by sub-goal 
Key – Emily Caron (EAC), Rhiannon Goddard (RSG), Sydney Gustafson (SMG), and  Samantha Orosz (SSO) 
  Sub-goal Deliverables Function  
1 Micropattern cell 
clusters onto 
stretchable substrates 
Method for printing cell 
clusters onto soft substrates 
Ability to control size and 
shape of cell clusters 
EAC 
Micropattern cells onto stretchable 
substrates
Determine a method or device for cyclically 
stretching cells and cell clusters
Incorporate fiducial markes for the 
measurement of cell traction forces (CTFs)
Relocate cells after a defined period of time
Increase the repeatability of the 
micropatterning method
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2 Determine a method 
for cyclically stretching 
cells 
Cell stretching device 
verification 
Stretch cell clusters for 
measuring CTFs over an 
extended period of time 
SSO 
3 Incorporate fiducial 
markers for CTF 
measurement 
Markers incorporated into 
the micropatterning method 
To measure CTFs during cell 
stretching 
SMG 
4 Relocate cells after a 
defined time period 
Method to relocate cells on a 
sample after they’ve been 
removed from the 
microscope 
Ability to relocate and 
observe the same cell 
clusters over an extended 
period of time 
RSG 
5 Increase the 
repeatability of the 
micropatterning 
method 
Micropatterning device A device or method which 
will increase the 
effectiveness of 
micropatterning 
SSO 
In order to achieve these sub-goals several alternative designs were considered. This 
allowed us to make a thorough analysis of several designs so that we could have a well thought-out 
final design. 
4.2. Sub-goal 1: Micropatterning Cell Clusters onto Stretchable Substrates 
Geometrical constraint of cells, including shape and size, have a profound effect on cellular 
behavior such as cell migration, growth, and differentiation (Thery, 2010). Under classic culture 
conditions these parameters are typically uncontrolled which ignores the effect of geometry that 
cells sense in vivo. Because of this, techniques for constricting cell geometry are necessary for cell 
mechanotransduction studies (Thery, 2010).  
When using a cell model for cells in vitro, it remains vital to produce accurate 
representations of the microenvironments cells typically thrive in in vivo. These representations 
depend on the spatio-temporal control and organization of cells present on scaffold models. This 
can be achieved by micropatterning cells onto a substrate (Tang, Ali, & Saif, 2012). Micropatterning 
is a powerful tool to explore and dissect the relationship between cell and tissue architecture. The 
resulting function of this technique allows for either single cells or groups of cells to be grown in 
vitro in confined geometry with defined size and shape. The use of micropatterning methods allows 
for better control over growth factors and adhesive sites which allows for more in-depth studies 
into cellular behavior and mechanical reactions when exposed to different microenvironments 
(Polio, Rothenberg, Stamenović, & Smith, 2012).  There are several methods which can be used to 
micropattern cell clusters on a substrate using extracellular matrix (ECM) proteins which are vital 
for mediating the attachment and spreading of anchorage-dependent cell types. The most 
commonly employed strategies for micropatterning involve seeding cells on a surface with areas of 
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protein with defined shape of differential adhesiveness. Patterns can be generated in a range of 
sizes from a few microns up to hundreds of microns (McDevitt et al., 2002). This method creates a 
precise geometrical pattern which allows for the study of geometric cues on various cell 
functionalities, including adhesion, spreading, proliferation, differentiation, apoptosis, polarity, 
migration, and orientation (McDevitt et al., 2002).  
Design 1: Micropatterning using direct microcontact printing 
Microcontact printing is a soft lithography technique and is one of the most commonly used 
methods for cellular micropatterning. This is due to the simplicity and low cost of this method 
(Falconnet, Csucs, Grandin, & Textor, 2006). When used for cellular micropatterning, a stamp is 
used to apply areas of ECM protein for cell adhesion onto a substrate. Stamps are formed by casting 
PDMS prepolymer onto a silicon wafer mold and polymerizing. The resulting stamp is ‘inked’ with 
ECM protein and pressed onto a substrate where proteins will transfer (Appendix F). Cells are 
grown on the substrate in only the areas where protein is present.  
One major limitation of microcontact printing is that the success of printing is dependent on 
the mechanics of the stamp and the substrate. The stamp must have a low enough modulus that it 
can elastically adapt to the substrate surface for a complete printing, but it must also be rigid so 
that the geometric pattern is precise. These two opposing factors must be balanced, and if they are 
not balanced, this compromises the resolution of μCP (Falconnet, Csucs, Grandin, & Textor, 2006). 
In addition, the size of the micropatterned features is dependent on the resolution of the fabrication 
process used while creating the template. This resolution can be determined by the diffraction of 
light at the edge of the opaque areas of the mask and the thickness of the photoresist.  
Direct microcontact printing is a micropatterning technique where proteins are deposited 
directly on top of an inert substrate. This substrate must be functionalized for protein adhesion. PA 
gels are commonly used as the inert substrate for micropatterning. The PA gel is polymerized 
between an activated and non-activated glass coverslip (Appendix F) (Tang, Ali, & Saif, 2012; 
Damlijanovic et al, 2005). This design was considered mainly due to the fact that the protein is only 
transferred onto one surface (the PA gel) rather than two like other methods require. This could increase 
the efficiency of the print by reducing the number of surfaces the protein must adhere to (Table 2). 
Table 2: Alternative design for micropatterning: Direct microcontact printing 
Design Concept: Direct microcontact printing 
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First, the PA gel is polymerized onto the glass coverslip. After polymerization, the non-
activated glass coverslip is removed from the PA gel while the activated piece of glass remains 
beneath the gel. PA gels are highly non-adhesive, so in order to add protein islands to the gel, the 
gels are to polymerized by adding a functionalization chemical such as hydrazine hydrate. 
Meanwhile, PDMS stamps are dip-coated with protein. After the dip-coat is complete, excess 
liquid is removed using a nitrogen gun, and the protein-coated stamps are firmly pressed onto 
the PA gel where they rest for approximately 5-10 minutes. This allows the protein to bind to the 
PA gel. After the stamps are removed, the gels are soaked in antibiotics overnight, and then can 
be seeded with cells after 12-24 hours (Fig. 10). 
 
Figure 10: This figure depicts the direct contact printing method. A. A PA gel is polymerized between an activated and 
non-activated glass coverslip. B. ECM protein is deposited onto a PDMS stamp. C. The stamp is dried with a nitrogen gun 
and protein is patterned directly onto a PA gel. 
Advantages 
 Protein is only transferred onto 
one surface (the PA gel) rather 
than two like other methods 
require. This could increase the 
efficiency of the print by reducing 
the number of surfaces the protein 
must adhere to. 
 This works well for PA gels with a 
higher stiffness (Tang et al, 2012). 
Disadvantages 
 Hydrazine hydrate required for PA gel 
functionalization makes PDMS brittle and is 
toxic. 
 Can be difficult to micropattern softer gels 
due to the gel morphing to the soft substrate 
around the protruding stamp features 
 Success is dependent on the mechanics of 
stamp and substrate 
Design 2: Micropatterning with indirect microcontact printing 
Unlike the direct microcontact printing method, the indirect microcontact printing method 
involves adding protein to the substrate during polymerization as opposed to after (Table 3). This 
method has been described in detail by a group at Carnegie Mellon (Rape, Guo, & Wang, 2011) and 
the adaptation can be found in Appendix G.  Adding the collagen to the PA gel during 
polymerization rather than after removes the need for an activating agent, which removes the use 
of toxic chemicals and ensuring the integrity of the substrate. In addition, unlike the direct 
microcontact printing method, the indirect method works better on a larger array of substrate 
stiffness (Polio, Rothenberg, Stamenović, & Smith, 2012). 
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Table 3: Alternative design for micropatterning: Indirect microcontact printing 
Design Concept: Indirect microcontact printing 
The indirect method is done by using a PDMS stamp to add collagen islands onto a glass 
coverslip where the collagen forms weak bonds to create a pattern. The PA gel is added to a piece 
of activated glass, and the patterned glass coverslip is used to polymerize the PA gel. The PA gel 
then covalently bonds to the activated glass, and the printed glass is removed which leaves 
protein islands behind. The gels are then soaked in antibiotics overnight, and can be seeded with 
cells (Fig. 11).  
 
Figure 11: This figure depicts the indirect microcontact printing method for cell micropatterning onto a PA gel. A) Protein 
is deposited onto PDMS stamps. B&C) A glass coverslip is patterned with collagen. D&E) The micropatterned glass 
coverslip is used to polymerize a PA gel between an activated glass coverslip. F) The glass coverslip is removed and protein 
is transferred onto a PA gel. 
Advantages 
 Removes need for a functionalization chemical 
such as hydrazine hydrate or sulfo-sanpah. 
 This method works better on a range of PA gel 
stiffness than the direct method does. 
Disadvantages 
 Does not have as high a 
resolution as other 
micropatterning methods. 
Design 3: Dip-pen nanolithography 
Dip-Pen Nanolithography (DPN) is a process in which ink on a sharp object is transported to 
a paper substrate via capillary forces. This method is approximately 4000 years old and has been 
used extensively throughout history to transport molecules on macroscale dimensions.  More 
recently, this method has been performed on a microscopic scale (Piner, Zhu, Xu, Hong, & Mirkin, 
1999). DPN creates patterns consisting of relatively small collections of molecules in sub-
micrometer dimensions. Similarly, to direct microcontact printing, DPN is a lithographic method 
that allows for the direct transport of molecules to substrates of interest in a positive printing mode 
(Piner, Zhu, Xu, Hong, & Mirkin, 1999). However, this method is often criticized for its slow 
patterning speed when compared to methods such as microcontact printing (Table 4). 
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Table 4: Alternative design for micropatterning: Dip-pen nanolithography 
Design Concept: Micropatterning with dip-pen nanolithography 
Currently DPN uses an atomic force microscope (AFM) tip as a “nib”, a solid-state 
substrate such as gold as “paper”, and molecules with a chemical affinity for the solid-state 
substrate as the “ink”. To directly “write” the patterns DPN utilizes capillary transport of 
molecules from the AFM tip to the solid substrate (Fig. 12) (Piner, Zhu, Xu, Hong, & Mirkin, 
1999). 
 
Figure 12: Schematic depicting the AFM tip depositing ‘ink’ onto a solid substrate creating protein micropatterns 
Advantages 
 Able to align multiple materials from multiple stamps 
with nanoscale registry. 
 High resolution patterning. 
 Maskless direct printing technique that can be used to 
create multiple patterns of varying size, shape, and 
resolution on a single substrate without needing to 
create new stamps for each design. 
Disadvantages 
 Slow patterning speed 
when compared to 
other micropatterning 
methods. 
Design 4: Micropatterning with a shadow mask 
Micropatterning can also be achieved by creating a shadow mask which is essentially a 
stencil. Shadow masks can be classified as active or passive shadow masks. The difference is that 
the aperture size of the active shadow masks is adjustable within demand whereas the passive 
shadow mask has a fixed aperture size. The most commonly used method is the passive shadow 
mask (Selvarasah et al., 2008). These microstencils, which are made of rigid or polymeric 
membranes, have many limitations. Many mask types are rigid and brittle, requiring complicated 
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and expensive processing steps. This method is also limited to thin films of single use and to 
surfaces compatible with microfabrication technologies such as silicon or glass and would most 
likely not be compatible for use with on softer substrates (Table 5) (Selvarasah et al., 2008). 
Table 5: Alternative design for micropatterning: Micropatterning with a shadow mask 
Design Concept: Micropatterning with a shadow mask 
To successfully micropattern using this method, a wafer would need to be created which 
would have posts sticking into it to create holes. A thin layer of PDMS would be polymerized on 
the wafer, and the result would be a thin layer of PDMS with holes of defined shape and size. The 
mask would then be suctioned onto the desired substrate, which in this case would be a non-
activated glass coverslip. Protein would next be added to the construct, but after removal of the 
mask, it would only remain in the holes (Fig. 13). 
 
 
Figure 13: Schematic showing a micropatterning technique with a shadow mask 
Advantages 
 Patterning occurs 
without damaging 
electronic devices or 
micromachined 
structures on the 
sample. 
Disadvantages 
 Many mask types are rigid and brittle. 
 Requires complicated and expensive processing steps. 
 Only compatible with stiffer substrates. 
 The thin films required are single use only. 
Design 5: Microfluidic micropatterning 
Microfluidic patterning creates patterns on a wafer during photolithography resulting in 
specific microchannel networks that can be used to flow and deposit protein solution in the forms 
of a desired pattern (D'Arcangelo & McGuigan, 2015). Unlike microcontact printing, microfluidics 
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creates a multi component surface by choosing distinct solutions for different channels. 
Additionally, in this method the cells can be deposited along with the solution rather than being 
added after a protein pattern is generated (D'Arcangelo & McGuigan, 2015). Microfluidic patterning 
can be utilized in both 2D and 3D networks and has been previously used to obtain complex 
structures of E. Coli, erythrocytes, bovine capillary endothelial cells, and human bladder cancer 
cells. Microfluidic networks were utilized to pattern protein on surfaces followed by binding of 
biotinylated human dermal fibroblasts (Khademhosseini et al., 2007). This method has also been 
used to form functional neuronal networks through geometric parameters, and can be used to 
create complex shapes and structures for micropatterning. Microfluidic patterning allows for the 
formation of 3D structures consisting of multiple cell types (Khademhosseini et al., 2007). Unlike 
microcontact printing this method would be difficult to make reproducible and incorporate into a 
cellular stamping device (Table 6). 
Table 6: Alternative design for micropatterning: Microfluidic micropatterning 
Design Concept: Microfluidic micropatterning 
A block of elastomeric polymer (such as PDMS) containing channels is molded from a 
wafer template, cross-linked, and removed from the template (D'Arcangelo & McGuigan, 2015). 
The channels are then clamped to the substrate which is usually glass and a series of solutions 
then perfuse through the channels to generate substrate patterning. Channels are then removed 
before cell seeding (D'Arcangelo & McGuigan, 2015) (Fig. 14). 
 
Figure 14: A-C) depicts micropatterning using the microfluidic patterning method 
Advantages 
 Creates a multi component surface by choosing distinct 
solutions for different channels. 
 Cells can be deposited along with the solution rather than 
after a protein pattern is stamped. 
Disadvantages 
 Difficult to make 
this method 
reproducible. 
Design 6: Stencil-assisted patterning 
Stencil-assisted patterning uses a membrane with holes of determined size and shape to 
add elements onto a desired surface. Stencils can be made from soft membranes such as PDMS or 
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stiffer materials (Falconnet, Csucs, Grandin, & Textor, 2006). Stencil-assisted printing is 
advantageous because it can be used with any substrate material and can micropattern on non-flat 
surfaces (Table 7) (Falconnet, Csucs, Grandin, & Textor, 2006). 
Table 7: Alternative design for micropatterning: Stencil-assisted micropatterning 
Design Concept: Stencil-assisted micropatterning 
A stencil can be constructed using the same type of wafer used to make the stamps for 
microcontact printing.  For cellular patterning, the stencil can be constructed and sealed onto the 
desired substrate surface. Protein is then added to the construct, and when the stencil is 
removed, the protein will only adhere to the areas where the holes in the stencil sat. Then, cells 
can be added to the regions containing protein (Fig. 15) (Folch, Jo, Hurtado, Beebe, & Toner, 
2000).  
 
Figure 15: Schematic showing stencil-assisted micropatterning technique 
Advantages 
 Can be used with any substrate material and 
on non-flat surfaces. 
Disadvantages 
 Inconsistencies with alignment 
accuracies. 
Design 7: Inkjet printing 
Inkjet printing is a material-conserving deposition technique used for liquid phase 
materials. These materials, referred to as inks, consist of a solute dissolved or otherwise dispersed 
in a solvent (Singh, Haverinen, Dhagat, & Jabbour, 2010). For this method, drop spreading and the 
final printed shape are highly dependent on the viscosity of the polymer (Singh, Haverinen, Dhagat, 
& Jabbour, 2010). The variances with drop spreading could lead to difficulty in creating a reliable 
and repeatable printing method (Table 8). 
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Table 8: Alternative design for micropatterning: Inkjet printing 
Design Concept: Micropatterning using Inkjet printing 
The process of inkjet printing involves the ejection of a fixed quantity of ink in a chamber. 
This ink is ejected from a nozzle through a sudden, quasi-adiabatic reduction of the chamber 
volume and is driven by piezoelectric action (Singh, Haverinen, Dhagat, & Jabbour, 2010). In a 
response to the applied external voltage, a chamber filled with liquid is contracted leading to a 
liquid drop to eject from the nozzle. The ejected drop then falls under action of gravity and air 
resistance until it impinges on the substrate, and then spreads under momentum. Surface tension 
further aids flow along the surface (Singh, Haverinen, Dhagat, & Jabbour, 2010). In the final step, 
the drop then dries through solvent evaporation (Fig. 16).  
 
Figure 16: A-C) Depicts the creation of the patterns of the substrate. d-e) shows the final step where protein is dropped 
onto the patterned substrate and drives through evaporation 
Advantages 
 Mold free manufacturing technique, does 
not need a mask. 
Disadvantages 
 Variances with drop spreading that 
would make it difficult to make a 
reproducible method. 
Conclusion 
In the past, microcontact printing has been the method utilized by Professor Kristen Billiar’s 
Tissue Mechanics and Mechanobiology lab at WPI. However, the team deemed it necessary to 
investigate other methods to ensure that the most reliable and practical method is utilized for the 
project. After thorough analysis of several alternative micropatterning methods, it was determined 
that the best course of action for this project would be to continue utilizing the microcontact 
printing method.  
Microcontact printing presents advantages and disadvantages when compared to other 
micropatterning methods. For instance, dip-pen nanolithography (DPN) allows for higher 
resolution patterning than μCP and has also been shown to be more effective than μCP at producing 
multi-molecule patterns, although microcontact printing is a faster process than the serial process 
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of DPN (Ruiz & Chen, 2007). Despite some of the disadvantages associated with μCP, it presents 
several benefits including the printing of significantly smaller features. In addition, this method 
allows arrays of cells and protein to be closely packed allowing for the creation of higher density 
grids (Ruiz & Chen, 2007). Most importantly, μCP allows for molecular level facets of cell adhesion 
to be examined, which is a vital factor for this MQP (Ruiz & Chen, 2007). Once we verified that our 
chosen method was microcontact printing we next had to determine whether to move forward with 
the indirect or the direct microcontact printing method. This was done through experimentation 
and the results can be seen in Chapter 5. 
4.3. Sub-goal 2: Determining a Method for Cyclically Stretching Cell Clusters 
In order to cyclically stretch cells, a device or method for cell stretching must be chosen. The 
chosen method must allow for cell stretching to occur for 24 hours at a frequency of 1 hertz and 
10% strain. Based on research of commercially available and other peer-reviewed stretching 
devices, four alternative designs were chosen which could potentially meet the needs of the client 
statement. The device would need to remain within the project budget and be available 
commercially or easily manufactured in our hands.  In a past MQP in the Tissue Mechanics and 
Mechanobiology lab, a cell stretching device was constructed which incorporates a custom PDMS 
well. In this model stretching occurs by the uniaxial or biaxial contraction of two motors (Duboa et 
al, 2012). 
Design 1: Flexcell Stretching Device 
The Flexcell stretching device was considered as an alternative design because of its 
extensive use in mechanobiology research (Table 9). Flexcell uses specialized plates to apply a 
cyclic mechanical load to the cells. This has been used by many researchers studying 
cytomechanics. The wells can be modified to add additional constraints. For example, Flexcell has 
been used for traumatic injury studies by producing an artificial ‘injury’ to the well using a burst of 
gas (Ahmed, Rzigalinski, Willoughby, Sitterding, & Ellis, 2000; Augustine, Cepinskas, Fraser, & 
Canadian Critical Care Translational Biology Group, 2014; Ellis, McKinney, Willoughby, Liang, & 
Povlishock, 1995). 
Table 9: Alternative design for cell-stretching: Flexcell stretching device 
Design Concept: Flexcell stretching device 
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The Flexcell system utilizes a vacuum pump non-uniform strain to cells cultured on a 
rubber membrane. The cells are cultured in medium on this flexible membrane which is on top of 
a loading post connected to a vacuum. The vacuum creates suction which moves the membrane 
to create tension in the cell’s environment (Fig. 17). The substrate the cells are cultured onto can 
experience up to 33% elongation over the course of induced strain. The vacuum pump applies 
cyclic strain that can be programmed with a specific software package (Flexcell International 
Corp, 2017). 
 
Figure 17: Schematic depicting how the Flexcell stretching device produces strain on a flexible substrate 
Advantages 
 The system has relatively 
few components. 
 Trusted system used in 
many cytomechanic 
studies 
Disadvantages 
 It is undetermined if PA gels could be adhered to the 
Flexcell wells for micropatterning studies. 
 Flexcell stretching does not create uniform strain 
across the entire substrate. 
 Imaging cannot occur throughout the duration of 
stretching 
 Vacuum grease used in this experiment makes it 
messy and less user-friendly 
 This is very expensive. Each cell culture well is ~$20. 
Design 2: Strex Stretching Device 
The Strex Stretching system utilizes a single motor driven platform that allows PDMS 
stamps to be mounted via pins onto the platform. The control panel used to change the magnitude 
and direction of the stretching is very simple to use and would be an efficient way to cyclically 
stretch the cell clusters (Table 10).  
Table 10: Alternative design for cell-stretching: Strex stretching device 
Design Concept: Strex stretching device 
26 
 
This model is a one-motor driven system that applies tension and compression to PDMS 
wells mounted onto pins. The strain rate and pattern of applied strain (uniaxial, biaxial, etc.) can 
be altered through the changing of a dial number. To change the strain rate/strain pattern the 
user simply turns a knob to a number corresponding to the desired strain rate/pattern.  
Advantages 
 This model is user friendly in terms of being able 
to modify the strain rate/pattern in a simple way. 
There is no programming or computer interface 
needed; everything is located on a control panel. 
 The clear top to the model allows for easy access 
to imaging during stretching  
 Our lab has already developed a method for 
adhering PA gels onto a PDMS surface 
Disadvantages 
 Acquiring this model would 
be more expensive than using 
current systems in the lab  
 New cell culture wells would 
have to be acquired through 
the company that 
manufactures the stretching 
device. 
Design 3: Individual microwell stretching device 
This device focuses on stretching PDMS wells containing single cells or very small cell 
clusters. These individual wells are arranged over a piezoelectric chamber that allows the user to 
control the magnitude and direction of stretching from a computer program (Table 11). 
Table 11: Alternative design for cell-stretching: individual microwell stretching device 
Design Concept: Individual microwell stretching  
This stretching device proposed by Yoko Kamotani et al is able to stretch small cell 
clusters in microwells. The microwells are assembled over a piezoelectrically controlled chamber 
that can be programmed from a computer. Strain magnitude and direction for each individual 
microwell can be controlled from this computer, so multiple experiments with varying strain 
profiles can be tested. The microwells are constructed out of PDMS to allow for a wide range of 
stretching. The microwells are also able to be imaged on the cellular level to allow for 
observation of cell behavior (Komatani et al, 2008).  
Advantages 
 PDMS is used as the stretching substrate, which is 
advantageous because our lab already has a method 
for adhering PA gels for PDMS 
 Ability to perform multiple experiments at once 
 Strain levels and frequencies can be adjusted 
Disadvantages 
 Expensive piezoelectric 
chip parts 
 Advanced computer 
programming required 
 We would need to build 
this device 
Design 4: Billiar Lab 4-motor stretching device 
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This alternative design is to use the 4-motor stretching device developed by a previous 
MQP. This has been shown to successfully stretch specialized PDMS wells (Appendix D) over a 
period of time to the set strain and frequency settings. The team readily has access to this device 
and could effectively conduct experiments without taking money from the budget (Table 12).  
Table 12: Alternative design for cell stretching: Billiar Lab 4-motor stretching device 
Design Concept: 4–motor stretching device 
The cell stretching device designed by the 2012 MQP team can provide uniaxial or biaxial 
stretching. It can provide strain rates of 0.1 - 30% with a frequency range of 0.01 - 1 Hz. No 
overheating was observed and the machine was able to operate successfully for at least 6.5 hours 
(Duboa et al, 2012). This device, while it has the ability to function suitably, it may benefit from 
the implementation of a LabVIEW program that would “increase user-friendliness” (Fig. 18). 
 
Figure 18: CAD drawing of the 4-motor stretching device developed by a previous MQP 
Advantages 
 Pre-existing method that has been shown to stretch 
cells effectively  
 Compatible with custom PDMS wells designed in 
our lab 
 The system is relatively small and the creation of an 
incubator to maintain cell culture conditions is 
feasible  
Disadvantages 
 The imaging process 
during stretching is bulky 
and outdated.  
 
Conclusion 
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Based on the advantages and disadvantages presented for each of the alternative designs, it 
was decided that the 4-motor stretching device currently used in the Tissue Mechanics and 
Mechanobiology lab suits the needs of the project. This design is advantageous as it does not 
require building a new device or purchasing new materials. In addition, the custom PDMS wells for 
cell stretching can be manufactured in the lab without having to order unfamiliar stretching 
materials from a commercial site as required with other designs. A prominent advantage presented 
by the microwell stretching system was that it could stretch several wells containing different sizes 
and shapes of cell clusters. This feature can be considered in the future for enhancing the 4-motor 
cell stretching device. 
4.4. Sub-goal 3: Using Fiducial Markers to Measure CTFs 
Cells exert traction forces on their environment as a response to mechanical cues. These cell 
traction forces (CTFs) can be measured as a way to quantify cell mechanotransduction. These cell 
traction forces are measured by using fiducial markers (‘fluorescent microbeads’) which can be 
seen under the microscope. As cells exert forces, they displace the microbeads. The bead 
displacement can be measured and translated to a force using finite element analysis software. 
Thus, fluorescent microbeads must be incorporated into our final design as a way to quantify 
mechanotransduction. 
In the past our lab has used a method for incorporating fiducial markers into PA gels 
(Appendix H). However, in order to use indirect µCP, a new method must be adapted for 
incorporating fiducial markers into the final design. This is because when µCP occurs on a glass 
coverslip coated in fiducial markers, the markers are removed from the glass rather and no protein 
is adhered. 
Design 1: Altering the hydrophilicity of the stamp and substrate 
According to protein adhesion studies, proteins adsorb better to more hydrophobic 
surfaces. This is due to strong hydrophobic interactions between the protein and the surface. 
Hydrophilic surfaces are associated with repulsive forces due to the strongly bound water 
molecules on the surface. 
Protein adsorption is an important factor to consider in various steps of the microcontact 
printing method. Protein must be weakly adhered to the stamp and to the glass coverslip used to 
transfer it to the PA gel, but it must adhere strongly to the PA gel.  
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Altering the hydrophilicity of the stamp and the surface could change how binding occurs 
on the surface of the PA gel. An experiment was performed for altering the hydrophilicity of the 
stamp and surface of the gel, beads, and stamp using plasma cleaning (Table 13). Plasma cleaning 
surfaces causes the surfaces to have a reduced contact angle with water and thus become more 
hydrophilic (Fig. 19).  
 
Figure 19: The contact angle of A) non-plasma treated PDMS B) non-plasma treated glass C) plasma treated PDMS, 
and D) plasma treated glass 
Table 13: Alternative design for incorporation of fiducial markers: Altering the hydrophilicity of the stamp and substrate 
surface 
Design Concept: Altering the hydrophilicity of the stamp and substrate 
Making the surface of the fiducial markers more hydrophilic after they are added to the 
PA gel surface before printing could decrease the binding strength between the fluorescent beads 
and the protein. This could remedy the problem of the beads lifting off of the glass and sticking to 
the stamp. In addition, the PDMS stamp could be made more hydrophilic before protein is 
adhered to it. Then, the non-activated glass coated with beads would be stamped and the protein 
would theoretically be more weakly adhered to the stamp and would be more likely to come off 
of the stamp during printing (Fig. 20).  
30 
 
 
Figure 20: Graphical depiction of experimental design 1) Fiducial markers (red) are added to a glass coverslip. 2) Stamps 
and glass coverslips with fiducial marker coating are made hydrophilic by plasma treating or are untreated. 3) Protein is 
added to plasma treated and untreated stamps. 4) Treated and untreated glass coverslips are stamped with treated and 
untreated stamps. 
Advantages 
 This method has only moderate moderations 
on the established protocol used by the 
Tissue Mechanics and Mechanobiology Lab. 
 Plasma cleaning is a simple and cost effective 
way to alter the hydrophilicity of a surface. 
Disadvantages 
 There are many steps involved 
with this method, so it could be 
prone to mistakes. 
 Plasma cleaning only makes a 
surface hydrophilic for ~10-15 
minutes as the surface 
immediately reacts with the 
atmosphere. This means the 
process must be done quickly. 
Design 2: Soaking PA gel in water after polymerization 
As mentioned, one of the problems that occurs while adding fiducial markers to PA gels 
after micropatterning is that protein is ‘baked’ onto the glass coverslip while fiducial markers are 
being adhered in the oven. An idea was conceived to unbind the baked collagen off of the glass 
coverslip after the micropatterned PA gel is polymerized by soaking the construct in water 
overnight (Table 14). 
Table 14: Alternative design for incorporation of fiducial markers: Soaking PA gel in water after polymerization 
Design Concept: Soaking PA gel in water after polymerization 
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One idea to eliminate this issue is to μCP onto a glass coverslip, then add beads (in the 
oven), and then make the PA gel using the glass coverslip and an activated glass. When the PA gel 
is done polymerizing, the glass coverslip is not removed like in the normal protocol. Instead, the 
polymerized PA gel between the two glasses is put into PBS for 24 hours. The idea was that the 
water molecules would be able to get between the protein and the glass and allow the protein to 
come off of the glass coverslip and onto the PA gel (Fig. 21). 
 
Figure 21: A) Glass coverslip is micropatterned with protein. B) Then, PA gel is made between activated glass and glass 
coverslip. C) The glass coverslip is not removed from the PA gel and the entire structure is soaked in PBS for 24 hours. 
Advantages 
 This is an easy protocol to conduct as it does 
not require many excess steps other than 
soaking overnight. 
Disadvantages 
 Collagen may become 
denatured due to heat 
exposure in the oven which 
could affect cell adhesion. 
Design 3: Indirectly adding fiducial markers without using heat 
Due to some of the problems associated with adding fiducial markers in the oven, this 
method was proposed to offer an alternative to using heat for bead adhesion. This design proposes 
using longer drying times in a vacuum as opposed to short drying times in an oven to add fiducial 
bead solution (Table 15).  
Table 15: Alternative design for incorporation of fiducial markers: Indirectly adding microbeads without using heat 
Design Concept: Indirectly adding fiducial markers without using heat 
The process for adding fiducial beads without heat substituted a short drying time in the 
oven for a longer drying time at room temperature in a vacuum. First, glass coverslips were 
micropatterned with protein. Then, fiducial markers were added the micro patterned PA glass 
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coverslip. Then the entire construct was put into a vacuum where it was dried for 90 minutes 
(Fig. 22). 
There are two concerns with this design when testing the final design. First, there is 
concern that the fiducial marker solution could wash away protein on glass coverslip. There is 
also concern that the density of the fiducial marker would not be consistent due to evaporation of 
liquid surrounding beads. This would occur due to changes in temperature and pressure as when 
compared to the original method where beads are added in the oven. 
 
Figure 22: In order to add fiducial markers without heat, the glass coverslip was patterned (A&B). Then the glass coverslip 
is put into a vacuum. Fiducial bead solution is added to the printed glass coverslip and it dries for ~90 minutes (C) 
Advantages 
 Removes need to use heat to add fiducial 
beads to micropatterned PA gels. 
Disadvantages 
 Evaporation will not be 
instantaneous as it is in the oven, 
so this will require longer drying 
times. 
Design 4: Directly adding fiducial markers without using heat 
This design is very similar to Design 3, but the fiducial markers are added at a different time 
in the process. The difference is that the fiducial beads would be added directly to the PA gel 
instead of transferred from the micropatterned glass coverslip (Table 16). 
Table 16: Alternative design for incorporation of fiducial markers: Directly adding microbeads without heat 
Design Concept: Directly adding fiducial markers without using heat 
This design is very similar to Design 3, but the fiducial markers are added at a different 
time during the process. The difference is that the fiducial beads would be added directly to the 
PA gel instead of transferred from the micropatterned glass coverslip. A PA gel is micropatterned 
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using the indirect method. Then, fiducial markers would be added to the polymerized and 
patterned PA gel and left to dry on the table for several minutes (Fig. 23). 
 
Figure 23: A glass coverslip is micropatterned with ECM protein. C) That is used to polymerize a PA gel. D) Fiducial 
markers are deposited onto the polymerized PA gel which is dried on the table top. 
Advantages 
 Would remedy concerns with Design 3 that 
fiducial beads will remove micropatterned 
protein. 
Disadvantages 
 Because the PA gel has 
different surface chemistry 
than glass, fiducial markers 
may not spread the same. 
 PA gels will dry out if they are 
left out to dry for extended 
time periods. 
Design 5: Mixing fiducial markers into PA gel matrix 
This design adds fiducial markers into the PA gel matrix rather than to the surface. This has 
the potential to mediate some of the disadvantages which occur with the other designs (Table 17). 
Table 17: Alternative design for incorporation of fiducial markers: Mixing fiducial markers into PA gel prepolymer 
Design Concept: Mixing fiducial markers into PA gel matrix 
Fiducial markers are added into the PA gel before polymerization. This causes the beads 
to be dispersed throughout the gel rather than in a flat layer on top of the gel.  
Advantages 
 Will work 
consistently 
Disadvantages 
 This method will cause CTF estimations to have a lower 
resolution. Because the beads are dispersed in the gel, they will 
not displace as much when a cell applies a force to them causing 
the finite element program to underestimate the CTFs 
somewhat. 
Conclusion 
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All designs considered in this chapter are to undergo further testing to determine their 
viability in incorporation of the final design. However, it is expected that indirectly adding fiducial 
markers without heat will best adhere the microbeads to the surface of the PA gel. There are 
concerns that this method may not provide a uniform layer. In this case, we expect that mixing 
fiducial markers into the PA gel matrix will provide a suitable, and consistent, alternative. 
4.5. Sub-goal 4: Relocating Cell Clusters 
Relocating geometric groups of cells after cell stretching is necessary in order to observe 
changes in cell morphology and alignment. During stretching, the micropatterned cells are moved 
in and out of the microscope view if stretched on the stage. After stretching, it is of interest to be 
able to relocate the geometrical groups of cells for further analysis. Several designs were explored 
to find a solution to this problem. 
Design 1: Micropatterning Roman numeral system to relocate an oblong shape 
One method for relocating geometrical constructs of cells is to create a gridded stamp for 
microcontact printing. This would allow cells to be relocated based on their neighboring geometric 
constructs. The first design idea was to create a roman numeral like system using small shapes. The 
small shapes would be used to relocate an oblong shape in the center (Table 18). 
Table 18: Alternative design for relocating cells: Micropatterning Roman numeral grid system 
Design Concept: Micropatterning Roman numeral system to relocate an oblong shape 
Protein would be patterned onto a substrate in the following patterns using a 
micropatterning technique. This design modulates a roman numeral system where the circles 
represent the number one, the rectangle represents the number five, the squares represented the 
number 10, and the triangle represents the number 50. For example, an oval with two squares 
and a rectangle above it represents the 25th spot on the stamp (Fig. 24). 
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Figure 24: Stamp with Roman numeral system which can be used to relocate an oblong shape 
Advantages
 If only parts of the gel prints, it should still be 
apparent which shape you are looking at based 
on the numbers next to it. 
Disadvantages
 Will only work if there is a 
clear print of all of the roman-
numeral shapes 
Design 2: Using unique shape patterns to relocate an oblong shape 
One of the disadvantages of the Roman numeral patterning is that if one of the shapes 
representing a number is not printed, it could be unclear what shape is being looked at. To combat 
this problem, another design was conceived. This method uses a grid similar to Design 1, but 
instead of using a Roman numeral system, this design uses unique shapes to identify a location 
within the gel (Table 19). 
Table 19: Alternative design for relocating cells: Using unique shape patterns to relocate an oblong cell cluster 
Design Concept: Using unique shape patterns to relocate an oblong shape 
This stamp contains two rows alternating the direction of ovals, therefore two rows of 
horizontal ovals and two rows of vertical ovals and the pattern continues. Each row has a pattern 
of circles, squares, rectangles, and triangles in between all the ovals. The patterns of those shapes 
make each row unique since one row can just have all triangles in between horizontal ovals and 
the next can have a square-triangle-circle pattern in between horizontal ovals. The unique rows 
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make it easier to determine where cells are located because it can be determined what shapes 
surround the ovals and where the oval is located compared to the other designs (Fig. 25).  
 
Figure 25: Micropatterning stamp design containing alternating triangles, square, and ovals so that each cell 
cluster would be surrounded by unique shapes. 
Advantages
 Easy to manufacture wafers 
 Does not deviate far from original 
microcontact printing methods 
Disadvantages
 Will only work if there is a clear 
print of all shapes on the stamp 
Design 3: Micropatterning circles with a gradient of sizes 
The final method for using a stamp design for relocating cells involves using circles of 
difference size gradient. The different sizes of circles in a gradient create unique spots on the stamp 
to relocate cells at different spots on the stamp. One advantage to this design is being able to 
observe cells confined to different size circles (Table 20).  
Table 20: Alternative design for relocating cells: micropatterning circles with a gradient of sizes 
Design Concept: Micropatterning circles with a gradient of sizes alternative design 
This design shows different sizes of patterned circles decreasing in size as the circles 
approach the bottom-right edge of the stamp (Fig. 26). The circle size starts at 200 microns and 
decreases by about 15 microns, to the smallest circle size that is 10 microns. Using this stamp, 
cell cluster location on the stamp can be determined based on the area of circles surrounding the 
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cluster being observed. If the circles being observed are larger. The larger circles will be closer to 
the top left corner of the stamp, while the smaller circles are located in the bottom right corner 
(Fig. 26).  
 
Figure 26: Micropatterning stamp containing a gradient of circle sizes 
Advantages
 Would be able to observe many 
different size circles of cell clusters on a 
PA gel at once
Disadvantages
 Will only work if pattern is complete 
across the entire gel and each circle is 
completely filled
 This uses relative sizes of the circles as 
reference which could be hard to 
observe
Design 4: Using Unique Geometrical Shapes for cell cluster relocation 
This design is similar to Design 2, but the same pattern of ovals, hexagons, circles, and 
squares is repeated across the entire stamp. Since each section on the stamp is similar to another 
section, it will be difficult to relocate the same spot on the stamp at different time instances because 
each location will look the same (Table 21). 
Table 21: Alternative design for relocating cells: Using unique geometrical shapes for cell cluster relocation 
Design Concept: Using unique geometrical shapes to relocate cell clusters 
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This design concept utilizes multiple shapes to create a “square” of different shapes, 
which is indicated using by the red box around the top left corner of the image below. Each 
“square” design has a hexagon as the center, with two circles on the left and right side of the 
hexagon, and horizontal ovals on the top and bottom of the hexagon. In each diagonal of the 
hexagon, there are squares. The smaller squares mark the corners of the overall square and 
shape the combination of hexagons, circles, ovals, and squares (Fig. 27). 
 
Figure 27: Stamp with repeating patterns of unique geometrical shapes 
Advantages
 Simple to incorporate 
into existing 
micropatterning 
method 
Disadvantages
 Will only work if pattern is complete across the entire gel 
and each shape is completely filled 
 The “square” shape that groups the shapes together is 
repeated and does not create unique sections of the 
shape for relocation of the small sections on the stamp 
Design 5: “Mark & Find” functionality on the Zeiss microscope 
This design uses the “Mark & Find” functionality on the Zeiss microscope to observe 
different parts of a sample, save these locations, and then revisit these locations at different time 
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points. One disadvantage to this method is that the sample may slip while on the microscope stage 
(Table 22). In addition, in order to make sure one returns to the same location, it is best to start 
saving locations at a part of a sample that one is guaranteed to always find, such as the top right 
corner of a glass cover slip or drawing a dot on a petri dish that can easily be found. Once the 
starting point of a sample if found when relocating positions on a sample, it is easy to relocate the 
other saved locations. Additionally, saving all initial images and relocated images while viewing the 
sample is helping for comparing how much the sample may have shifted while on the stage.  
Table 22: Alternative design for relocating cells: “Mark & Find” functionality on the Zeiss microscope 
Design Concept: “Mark & Find” functionality on the Zeiss microscope 
The Zeiss microscope has a “Mark & Find” functionality that allows for locations on a 
sample to be saved and returned to at a different time. This method is beneficial for observing 
cells at the same instance on the stamp at different time intervals. 
Advantages
 Able to save locations on a sample 
 Able to return to saved locations if observing 
a sample over multiple time instances
Disadvantages
 The sample may slip while on 
the microscope stage
Conclusion 
All the designs above will be tested in order to determine the best method to relocate cells 
in a sample. Major concerns with using unique stamp designs are that the patterns have to be 
complete across the entire gel and all the cell clusters have to be completely filled once printed on 
the substrate. However, the “Mark & Find” functionality is only specific to how the stamp is placed 
on the microscope and does not depend on the success of the micropatterning. 
4.6. Sub-goal 5: Device for Repeatable Cell Stamping 
Micropatterning has been used to study cell mechanotransduction due to geometric 
confinement and different types of ECM protein. Traditionally, this method involves the coating of 
an elastomeric (PDMS) stamp with an ECM protein such as fibronectin and placing it on a substrate, 
such as glass. The protein-patterned glass can then be seeded with cells, and the cell will adhere to 
the protein. Based on a literature review, scientists have performed micropatterning with a 
multitude of different experimental parameters. Some of these parameters include adding weight to 
the stamp during pattern transfer, plasma cleaning the PDMS stamp, stamping onto glass or another 
substrate, coating the stamp with ECM protein for different amounts of time, different size domains, 
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and the pattern transfer time (Table 23). The following table details the different specs that 
researchers have used in their micropatterning experiments. The table is organized by parameters 
identified in every experiment that had a range of specs. These variable parameters included the 
weight, or lack thereof, applied to the stamp, the process in how the stamp is removed from the 
glass/substrate, the time the stamp is left on the glass, and the size of the stamping pattern.  
Table 23: Micropatterning method parameters and the various experimental specifications used in experiments  
Reference key: [1] (Cscus, et al 2003) [2] (Dike, et al 1999) [3] (Danting et al 2013) [4] (Elloumi et al 2010) [5] Csucs, et al 
2003) [6] (Ricoult, et al 2012) [7] (Sgarbi, et al 2004) [8] (Delamarche 2005) [9] (Kane, et al 1999) [10] (Csucs, et al 2004) 
Micropatterning Method 
Parameters 
Experimental Specs 
Weight addition to stamp no weight [3][7][10], 1 g [1], 60 g [4], 120 g [5] 
Stamp Removal from glass Once the stamp was removed, washed with buffer [1], removed at an angle [3] 
Time for pattern transfer 
from stamp to coverslip  
20 s [1], 1 hr [3], 2 min [4], 3 min [5], 5 min [6][7], few seconds [8], 10-20 s [9], 
15 s[10] 
Stamp resolution/pattern 100-500 m domains [5], 20-500 m resolution [4], 300-500 m domains [6], 125 m 
islands [6], smaller than 1 m [9], 20x20 m squares [10] 
Printing process details Direct microcontact printing [1], indirect microcontact printing[3][6], stamps covered 
with fibronectin for 30 min before [4][5][10]  
Substrate Material Glass, TiO2 infused glass substrate [7][10] 
There was a wide range of weights added to the stamp, ranging from no weight to 120 
grams. In studies that used weight, the researchers hypothesized that the weight would ensure 
proper contact between the weight and the stamp (Cscus, et al 2003). In this study, the addition of 
even a 1 g weight to the glass substrate ensured complete transfer of all fluorescent proteins (Cscus, 
et al 2003). Based on our own experimentation and he literature review, there can be variability in 
the clarity and consistency in the pattern. In one study, the stamp was removed at a 90-degree 
angle from the glass substrate, and washed with a buffer to ensure adhesion of protein to the glass 
(Cscus, et al 2003). In another study, the stamp was “peeled off” at an angle, and contributed to a 
less consistent pattern as confirmed with immunoflouresnce microscopy (Danting et al 2013).  One 
study specifically noted the variability of taking the stamp off the substrate due to the lack of 
precision of the human hand (Elloumi et al 2010). 
One parameter that widely varied throughout microcontact printing experiments was the 
amount of time the stamp was left on the substrate for the pattern to transfer. There was a wide 
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range of time periods that experimenters left stamps on the substrate for pattern transfer. This 
ranged from a few seconds to close to 20 minutes. There were also many different portions of the 
printing process that varied with every experiment. For example, experimenters have used both the 
direct and indirect method to print and incubated the stamp with ECM protein for varying amounts 
of time. While these process changes may seem minimal, they can lead to sources of error and cause 
variances in the cell mechanotransduction study. For example, one study has shown that protein 
adheres more strongly to glass as opposed to a softer substrate, and if there is less concentration of 
protein adhered to the stamp, it is more likely to exhibit in vivo properties by forming a monolayer 
(Sgarbi, et al 2004). In one study, the indirect method produced less consistent results than the 
direct method when stamping certain types of fibril filaments (Danting et al 2013).   
The last parameter noted in the literature review was the size of shapes on the pattern, and 
the distance between the shapes. There was a wide range of sizes used for the shapes in the pattern 
ranging from 20x20 m squares, to 500 m circles. Multiple studies have shown that when cell 
clusters are patterned in geometries with a diameter smaller than the distance between the cell 
clusters, they would apoptose. It has also been shown that cells patterned in smaller islands exhibit 
less growth than in cells in larger clusters (Kane, et al 1999; Csucs, et al 2004). Cells in smaller 
islands have also been shown to differentiate slower than those in larger islands (Kane, et al 1999; 
Csucs, et al 2004).  
Based on these researched parameters and after speaking with graduate researchers in the 
lab about variation in the microcontact printing method, it became evident that there was a need to 
create a more reproducible method for micropatterning. Our team decided to manufacture a 
stamping device that would address some of the parameters and would lead to clear and complete 
micropatterning.  
Design 1: Spring-loaded stamping device 
This spring-loaded stamping device would be able to apply a consistent force easily by the 
user with the use of a handle. The removable pattern can contain multiple clamps or magnets for 
PDMS stamps that would speed up experiments and eliminate human error when trying to use 
multiple PDMS stamps. This device could also be manufactured via rapid prototyping at WPI, 
making it an economical and time-saving choice (Table 24).  
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Table 24: Alternative design for repeatable micropatterning: Spring-loaded stamping device 
Design Concept: Spring-loaded stamping device 
This design consists of a stamp press which could made from 3D printed ABS plastic. It 
would compose of a platform that would hold several glass coverslips in indentations the size of 
the coverslips so that they could not move. A small divot in the corner would allow for removal of 
the coverslip. At the site of each coverslip, a stamp press would be present, and upon pulling the 
lever, it would move a fixed displacement. To connect the PDMS well to the press, there would be 
a removable platform that would fasten into the press. The PDMS stamp could be attached to the 
removable platform via removable adhesive (Fig. 28). 
 
Figure 28: Automated stamping using a spring-loaded method. 
Advantages 
 The removable platform allows for 
easy loading on PDMS stamps 
 Could be manufactured via rapid 
prototyping machines available at 
WPI. 
Disadvantages 
 Spring design would not allow the stamp 
to remain in contact for longer periods of 
time without manually holding down the 
lever 
Design 2: Weight-controlled stamping device 
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This design uses a weight to apply force rather than a spring. This would allow for the 
stamp to remain in contact with the substrate for any period of time rather than springing back, as 
would occur in Design 1 (Table 25). 
Table 25:  Alternative design for repeatable micropatterning: Weight-controlled stamping device 
Design Concept: Weight-controlled stamping device 
This design consists of a stamp press which could made from 3D printed ABS plastic. It 
would compose of a platform that would hold several glass coverslips in indentations the size of 
the coverslips so that they could not move. A small divot in the corner would allow for removal of 
the coverslip. At the site of each coverslip, a stamp press would be present, and upon pulling the 
lever, it would move a fixed displacement. To connect the PDMS well to the press, there would be 
a removable platform that would fasten into the press. The PDMS stamp could be attached to the 
removable platform via removable adhesive (Fig. 29). 
This design utilizes a weight which would be released by the user to initiate µCP. The 
stamping device would be adhered to a platform which would have a small indentation where it 
would hold a glass coverslip in a way that would not allow the coverslip to move during 
stamping. Additionally, to add the PDMS stamp onto the stamper, the user would add the stamp 
to a removable platform using a removable adhesive. This would then be reconnected to the 
moving part of the stamp (Fig. 29). 
 
Figure 29: Mechanical stamping device using a weight-controlled method. 
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Advantages 
 Could be manufactured via rapid 
prototyping machines available at 
WPI. 
 Weight would allow for the same 
force to be applied with each 
stamping 
 Stamping could occur for any length 
of time 
Disadvantages 
 Stamping time would need to be 
controlled by user 
 User would need to make sure that they 
released stamp slowly so that it does not 
rapidly apply force and damage the 
substrate 
Design 3: Pressure-controlled stamping device 
The design would require the user to push down on a plunger which would cause the PDMS 
stamp to come into contact with the substrate (Table 26). 
Table 26: Alternative design for repeatable micropatterning: Pressure-controlled stamping device 
Design Concept: Pressure-controlled stamping device 
This design would contain a moving plunger. The plunger would be held into the PVC 
pipe from just friction. Applying pressure to the plunger would cause it to move and 
micropattern the substrate (Fig. 30). This device would not utilize a removable platform like in 
designs 2 and 3. Instead, it would be made so that it could open up and the use could easily add 
the PDMS stamp onto the plunger.  
 
 
Figure 30: Pressure-controlled stamping device design 
45 
 
Advantages 
 This could be easily manufactured at WPI  
 The removable adhesive would have to be 
tested, but the platform could easily be re-
engineered with a clamp, or magnet to hold the 
stamp 
Disadvantages 
 Only one stamp can be done at a 
time  
 There could be some difficulty 
sliding the weight down the pipe 
without applying some amount 
of extra force on the stamp 
Design 4: Alternate insert for pressure-controlled stamping device 
This design would address one of the disadvantages presented by prototype #3. While the 
stamping mechanism in design 3 only works at a 90-degree angle, this design allows stamping at 
other angles. This plunger and spring platform can also be inserted into the PVC pipe presented in 
#3. This is a versatile design that when combined with prototype 3, can be an efficient alternative to 
the micropatterning method done by hand (Table 27).  
Table 27: Alternative design for repeatable micropatterning: alterative insert for pressure-controlled stamping device. 
Design Concept: Alternate insert for pressure-controlled stamping device  
This design is an insert that is compatible with Design 3. It is an alternate plunger which can be 
used with design 3 to perform micropatterning at an angle. This is achieved by using a spring and 
a hinge (Fig. 31). This better mimics the movement of the hand and wrist during printing and 
would be a good alternative if it is determined if stamping at an angle has an effect on µCP. 
 
 
Figure 31: Alternative insert that is compatible with Design 3. This would allow for stamping at an angle by use 
of a hinge and spring 
Advantages Disadvantages 
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 Stamping at an angle other than 90 degrees 
is achievable 
 The spring could create some 
variability in the force that’s applied 
at different places in the stamp. 
 Only one stamp could be used at a 
time  
 
Conclusion 
After reviewing the advantages and disadvantages for each design, we decided to build 
Design 3. This was determined to be the easiest to manufacture based on materials available at 
local hardware stores. This also could be machined rather than made using rapid prototyping which 
made it cheaper. Using a stamping device rather than stamping by hand could help apply a 
consistent force with every experiment. This could help eliminate the variability of force or 
stamping angle. Several causes of variability must be analyzed before the final design is 
manufactured, and this will be explored in the next chapter.  
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5. Design Verification 
5.1. Sub-goal 1: Micropatterning Cells onto Stretchable Substrates 
After analysis of the advantages and disadvantages of each micropatterning method 
discussed in Chapter 4.2.1, it was determined that microcontact printing most closely fits the needs 
of this project. While μCP may not provide the highest resolution, it has many advantages 
associated with it such as its ability to pattern smaller features than other methods. Additional 
advantages lay in the fact that μCP allows for the creation of closely packed arrays of cells and 
proteins creating higher density arrays of protein clusters. Microcontact printing is also a relatively 
inexpensive method, which aligns with our limited project budget. 
  Once μCP was selected as the best method to constrain cell clusters, it had to be 
determined whether the indirect or direct μCP method would deliver more reliable and repeatable 
results. As stated in Chapter 4, there are several differences between the direct and indirect μCP 
methods. The most significant difference between the two being that in the indirect μCP method the 
protein is added to the substrate during polymerization as opposed to the direct method where the 
protein is added after polymerization. When deciding between the two methods there were several 
factors vital to the project that had to be considered. These factors included reproducibility of the 
method, the ability to micropattern on substrates of various levels of stiffness, and the ability to 
micropattern on stretchable substrates.  
The final micropatterning method adapted by the team would be used to pattern cell 
clusters on substrates of alterable stiffness. Thus it was important to compare each microcontact 
printing method’s compatibility with substrates of high and low stiffness (Table 28).  
Table 28: Indirect and direct µCP compatibility with substrates of low and high stiffness 
Substrate Stiffness 
Direct Indirect 
Works well for PA gels with higher stiffness. Works best on a range of PA gel stiffness. 
Through experimentation, it was found that both direct and indirect μCP were both 
successful on PA gels of higher stiffness. However, the indirect method proved to be more reliable 
for patterning onto softer substrates, making this method the better choice when considering 
micropatterning on substrates with varying levels of stiffness.   
It was also important to consider that micropatterning would need to be applied to PA gels 
adhered to PDMS for use in cell stretching experiments. Considering this aspect, the effects on the 
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indirect and direct μCP method on the stretchable PDMS substrate were compared in Table 29 
below. 
Table 29: The effects of indirect and direct µCP on stretchable PDMS wells 
Effects on the Stretchable Substrate (PDMS) 
Direct Indirect 
 Hydrazine hydrate is toxic 
 Hydrazine hydrate cause 
PDMS well embrittlement 
 Sulfo-sanpah causes 
incomplete cell clusters 
 Removes the need for an functionalization agent 
such as hydrazine hydrate or sulfo-sanpah. 
Direct μCP requires the use of a functionalization agent, such as hydrazine hydrate. This is 
undesirable because hydrazine hydrate is toxic and causes embrittlement of the PDMS well. An 
alternate functionalization agent, sulfo-sanpah, causes micropatterned cell clusters to be 
incomplete. Because PDMS wells are mechanically stretched during cell stretching experiments, it is 
important that they do not become brittle from hydrazine hydrate use. In order to limit the contact 
between the PDMS and hydrazine hydrate, a circular barrier was created that fit easily within the 
PDMS wells (Fig. 32). This barrier sat on top of a PA gel and covered all of the exposed areas of 
PDMS which limited the exposure of the PDMS to hydrazine hydrate and when stretched on the cell 
stretching device, the wells did not break, indicating the barriers were successful.
 
Figure 32: PDMS wells used for cell stretching and a custom-made barrier for restricting hydrazine hydrate from contacting 
PDMS to prevent PDMS embrittlement 
Another important consideration when choosing between direct and indirect µCP was the 
ease of the method. Due to the structure of the stretchable PDMS wells, shown in Figure 27, it was 
difficult to stamp in the well using the direct method because the experimenter’s fingers could not 
fit into the well when pressing down the stamp. Instead, the stamp had to be dropped in which was 
problematic because it wouldn’t have guaranteed secure contact with the bottom of the well. This 
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problem is compensated by the indirect method since stamping occurs on a small circular cover slip 
on the table rather than directly into the PDMS well. The circular cover slip, in contrast, was easy to 
place into the PDMS well without obstruction. 
In order to verify a micropatterning method, both the direct and the indirect were tested for 
comparison. Experiments were performed for both the indirect and the direct methods using 200 
μm circles and seeded with the same density of cells. No success was found with getting 
microcontact printing on stretchable PDMS wells using the direct method. This is likely due to the 
surface of the PDMS well not being stiff enough to allow for the posts of the stamp to properly 
contact the surface of the PA gel which is adhered to the stretchable well. 
Much more reliable results came from the indirect method which showed clear alignment of 
the 200 μm circle with a significantly increase in cell cluster formation than that seen during direct 
μCP (Fig. 33). 
 
Figure 33: In several occasions, (A&B) 200 µm circles were patterned onto PA gels adhered to C) stretchable PDMS wells 
In conclusion, indirect µCP overall better suits the needs of this MQP over direct µCP, 
including that indirect µCP has the ability to work on a range of substrate stiffness, does not require 
a functionalization agent such as hydrazine hydrate, and is more compatible with the stretchable 
PDMS wells. Once the indirect μCP method was determined to be the method utilized for the 
remainder of the project then the next step was to optimize the method to fit our needs. One of the 
first things that the team took notice of was the fact that while adhering the PA gel to the PDMS 
wells, the gel was not spreading under the micropatterned coverslip without application of 
additional force. This use of additional force could interfere with the validity of the microcontact 
printing method. In order to better allow for PA gels to spread out on the PDMS well, the team 
decided to alter the hydrophilicity of the glass coverslip before micropatterning. This was done 
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through plasma cleaning, and it successfully allowed for the PA gel to spread which enhanced the 
indirect µCP method. 
5.2. Sub-goal 2: Determining a Method for Cyclically Stretching Cell Clusters 
It was determined that the Billiar Lab 4-motor stretching device met all of the project needs 
including the ability to stretch cell clusters for up to 24 hours with 10% uniaxial and biaxial strain 
at up to 1 hertz (Hz). It was decided to go forward with using this device in order to save time, lab 
resources, and manufacturing costs. The PDMS wells used for cell stretching could be manufactured 
in the lab.  
In order to verify that this device is sufficient for use in this project, the strain profile of the 
stretchable PDMS wells was found using high-density mapping. Testing was performed on the 
stretchable wells both uniaxially and biaxially at 10% strain and 1 Hz for 10 minutes (Fig. 34, 
36).  During uniaxial stretch, 10% strain was observed in the X-direction (Fig. 34-A) with 
approximately no strain seen in the Y-direction (Fig. 34-B). There was also no shear strain observed 
(Fig. 34-C). The average frequency recorded was just under 0.643 Hz and the average applied strain 
was 7.54% (Fig. 34). The figure below shows the resulting strain percentages experienced by PDMS 
well during the stretching device verification experiment. These final strain profiles were obtained 
with the help of a graduate student in the lab.  
 
Figure 34: Uniaxial strain applied to PDMS wells using the Billiar Lab’s dual-motor cell stretching device obtained using high 
density mapping A) shows strain in the X-direction, B) shows strain in the Y-direction, and C) shows shear strain.  
During biaxial stretching, there was 10% strain (the blue area) applied in both the X- and Y-
direction (Fig. 35-A,B). Some shear stress was also observed (Fig. 35S-C). The final frequency 
observed was just under 1 Hz, and the average strain applied was 11.57%. In both experiments, the 
stretching device applied appropriate frequency and strain as defined by the client.  
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Figure 35: Biaxial strain applied to PDMS wells using the Billiar Lab’s dual-motor stretching device obtained using high 
density mapping. A) shows strain in the X-direction, B) shows strain in the Y-direction C) shows shear strain. 
It is evident that using this device will allow for cell stretching experiments to occur within 
the parameters set by the client. 
5.3. Sub-goal 3: Using Fiducial Markers to Measure CTFs 
5.3.1. Altering the Hydrophilicity of the Stamp and Substrate 
This method involved altering the hydrophilicity of the PDMS stamp and the PA gel with a 
surface coating of fiducial markers. This overall was not successful, as it became evident that when 
the surface of the PA gel was plasma cleaned, the fiducial marker layer became sparse (Fig. 36-A,C). 
When the PA gel surface was not plasma treated, the markers were peeled away by the PDMS 
stamp in both cases where the PDMS stamp was and was not plasma cleaned (Fig. 36-B,D).  
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Figure 36: The effect of making the stamp and microbead-coated surface hydrophilic. (+ indicates the presence of 
hydrophilicity while – indicates no treatment)  
5.3.2. Soaking PA Gel in Water after Polymerization 
This method involved patterning protein onto a glass coverslip, adding fiducial markers in 
the oven, and then polymerizing the PA gel to indirectly micropattern cell clusters. The polymerized 
PA gel was added into PBS to hopefully remove protein which would bake onto the disposed glass 
rather than the gel. 
This method was successful in limited occurrences. In some situations, the protein and 
fiducial markers were transferred onto the PA gel and cell clusters were able to be grown on a layer 
of fiducial markers (Fig. 37). 
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Figure 37: A) Shows 200 µm cell clusters micropatterned to a PA gel adhered to glass. B) Shows adhesion of fiducial markers 
in the same area. It is evident that the microbead density is low, making it unsuitable for CTF measurement. 
In many other occurrences, however, there was no transfer of protein, or in the case that 
protein did transfer, cell clusters were incomplete and bead density was sparse. 
5.3.3. Indirectly Adding Fiducial Markers without Using Heat 
This method was seemingly successful, but it did have some limitations. Micropatterned cell 
clusters were found on the PA gel and fiducial markers were spread out in a consistent layer. 
However, more testing needs to be done to confirm this method as the final design (Fig. 38). 
 
Figure 38: A and B are images of fiducial beads on the PA gel in different regions. A. is a continuous layer and B. has varied 
density. C. is an image of cell clusters adhered to the same gel. 
5.3.4. Directly adding Fiducial Markers without Using Heat 
This method included adding fiducial bead solution on top of a polymerized PA gel. The 
solution did not spread well on the PA gel, even after it was made hydrophilic by plasma cleaning, 
so extra care had to be used to apply solution to the entire gel. Because of this, however, the fiducial 
markers set in channels and did not uniformly spread across the entire PA gel (Fig. 39). 
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Figure 39: Because the microbead solution ‘stuck’ to the surface of the PA gel, it could not spread into a uniform layer, and 
channels without beads were found on the surface of the gel. 
5.3.5. Dispersing Fiducial Markers throughout PA Gel Matrix 
Mixing fiducial markers into PA gel was a reliable and consistent method. Initially, diluted 
markers in an ethanol solution were added to the PA gel before polymerization, but it was found to 
slow down the polymerization reaction, likely due to changing the volume of the solution and 
altering the reaction kinetics. This was also of concern because it could alter the stiffness of the PA 
gel where cells would be grown. To minimize these alterations to the original PA gel recipe, it was 
decided to add 2 µL of the stock solution of fiducial markers into the solution rather than the 
diluted solution. This resulted in a uniform distribution of beads in the PA gel with successful 
growth of cell clusters on the surface (Fig. 40). 
55 
 
 
Figure 40: This figure shows microcontact printing of 100 µm circles onto a PA gel with the incorporation of fiducial markers 
mixed into the matrix. 
5.4. Sub-goal 4: Relocating Cell Clusters 
As mentioned in Section 4.4, there were two alternative designs created in order to relocate 
cell clusters through the duration of an experiment. One involved fabricating a unique stamp design 
which would micropattern a grid of shapes onto a PA gel. However, the success of this design was 
dependent on the success of the microcontact printing. If the cells clusters were sparse, the unique 
shapes were not sufficient for relocation studies. Because a successful micropatterned gel only 
needed to contain 10 geometrically confined cell clusters, cell relocation would not be possible on 
an otherwise successful micropattern. The next design involved using the “Mark & Find” 
functionality on the Zeiss microscope. This designed relied on the sample position on the 
microscope stage, in which the sample would need to be returned to the same location each time 
the sample was observed under the microscope. 
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5.4.1. Relocating Cell Clusters Using Unique Micropatterns 
Using the wafer design in Design concept 1-3 in Chapter 4 Section 4, cell clusters were 
micropatterned on a PA gel using the indirect method. Unfortunately, the micropatterning 
technique was not successful based on these images (Fig. 41). Image A in the figure below shows 
cells randomly scattered and outlining circular shapes rather than showing circular cell cluster. 
Image B shows no shapes of cell clusters at all and instead cells are randomly scatter across the 
image. Image C shows two circular cell clusters and another odd shaped cell cluster. Lastly, Image D 
shows cell clusters outlining a circle similar to Image A. All of these images below show 
unsuccessful micropatterns using the custom PDMS stamps because none of these stamps show 
consistent cell clusters in circular, squares, triangular, and rectangular shapes. While Image C does 
show two circular cell clusters, the pattern does not continue and should look more similar to 
Figure 33 (Section 5.1) in order to be considered successful.  Overall all the images show cell 
clusters randomly scattered instead of confined to geometric shapes, such as squares, circles, 
rectangles, or triangles. 
 
Figure 41: µCP with custom PDMS stamps with unsuccessful printing of the shapes and randomly scattered or surrounding 
circular shapes. All these images show unsuccessful microcontact printing of geometric cell clusters. 
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5.4.2. “Mark & Find” Functionality on the Zeiss Microscope 
The “Mark & Find” functionality on the Zeiss microscope was used to relocate cells using the 
automatic stage and coordinate system utilized by the microscope. The “Mark & Find” program 
allows the user to return to a marked location on a sample. This program relies on a reference point 
being marked in the program. Then, the computer uses that reference point to find the relative 
locations of other desired features. The sample can be removed from the microscope and put back 
on in a slightly different location. The reference location can then be used once again to find other 
marked positions a second time.  
To test “Mark & Find”, seven colored dots were added to a glass coverslip using a 
permanent marker. In addition, the corner of the glass coverslip was marked with an orange dot so 
that it could be used as a reference point (Fig. 42-A). The reference point is the first location on the 
sample that is saved and is also spot on the sample that is relatively easy to relocate each time the 
sample is observed. During testing, the top right corner of the glass cover slip is used as the 
reference point since it would be easy to relocate each time. The colored glass coverslip was then 
glued to a petri dish to prevent the coverslip from moving during imaging. Then, the sample was 
placed on the microscope stage, and each of the seven colored dots were located and saved using 
the “Mark & Find” program (Fig. 42-B). When observing the sample a second time, the team moved 
the stage to relocate the reference point again. Then using its new position, the relative positions of 
the other colored dots were successfully relocated. The distance between the relative positions at 
different time periods were measured to determine the success of the “Mark & Find” method. 
Based on the images collected, the edge of the black dot was easiest to relocate and 
determine how the sample shifted at the different time instances. Figure 42-B is the initial image 
and Figure 42-C shows the first time the sample was relocated. There is a red square on each image 
that shows the part of the sample that is identical in each image and this also shows that the sample 
shifted down and to the right during the second relocation. Next, the blue square on Image C and D 
shows very similar locations that can be found on this sample. While these images are not identical 
like Image B and C, all the images collected where saved in the same order each relocation time and 
therefore Image C and D are similar, but Image D is further down and to the right than Image C. 
Dots generated by markers are much thicker than physiologic specimen such as cells, and therefore 
were more difficult to relocate and provided a lower resolution than cells did.  
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Figure 42: "Mark & Find" functionality, A) a reference mark was made at the corner of a coverslip. B) Then a colored dot was 
located. C) The coverslip was removed from the microscope stage and the dot was relocated. D) This was repeated as second 
time. 
After familiarizing with “Mark & Find” using colored dots, the method was retested using a 
culture plate with cells sparsely seeded onto it (Fig. 43). A cell was marked using “Mark & Find”, 
removed from the microscope stage, and then relocated a second time (Fig. 43). Using image 
processing techniques, the marked cell was outlined in red in an image from each time point. Then, 
the images were overlapped to show how closely the “Mark & Find” functionality could be used to 
relocate cells.  
59 
 
 
Figure 43: The original location of the cells (1) and the second location shows the same cell (circled in red). The cell 
shifts 90 µm during the relocation process. 
Using “Mark & Find” the team was able to get an average resolution of 57 µm with a 
standard deviation of 7 microns. This was calculated from 7 iterations of using the “Mark & Find” 
functionality. This is an adequate resolution for making qualitative observations about cell 
morphology, size, or orientation where cells can shift around 100-200 µm. However, for cell 
migration studies, a resolution of 10-20 microns is suitable for shifts from one-time point to 
another. Cell traction force studies, on the other hand, require a resolution of no more than 1 or 2 
µm. Because of this, this method is adequate for lower resolution studies, but could not be used to 
measure cell traction forces over time.  
Additionally, the use of the “Mark & Find” functionality overcame one of the constraints the 
team faced. The average resolution was 57 µm, which is less than the 200 µm the team initially 
aimed for. This method is also compatible with the indirect contact printing method. We also 
verified that the indirect contact printing method worked on a wide range of PA gel stiffness and 
once printing is complete the result can be viewed under the Zeiss microscope. Lastly, the use of the 
four-motor cell stretching device was successful for all the projects needs and the “Mark & Find” 
functionality is compatible with observing the cyclically stretched cells. Overall, the “Mark & Find” 
functionality was successful for this goal for the project. 
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5.5. Sub-goal 5: Device for Repeatable and Uniform Micropatterning 
After determining a need for more reproducible micropatterning based on conversations 
with the client, graduate experimenters, and the team’s literature review, the team developed 
alternative designs based on the micropatterning parameters discussed in Table 23. For example, 
Designs 1, 2 and 3 all allowed for an even and consistent force to be applied to the stamp from start 
to finish to eliminate any inconsistencies in the pattern. After the alternative designs were drawn 
and presented to the client, Design 2 was chosen to be manufactured (as explained in further detail 
in Chapter 4).  
The team then designed baseline experiments to test in comparison with the stamping 
device to confirm or deny the success of the device. The team first tested the addition of weight to 
the stamp while patterning. The researched range of weight used was 1-120 g, so the team tested a 
using no weight, 50 g, 100 g, and 150 g. The schematic below shows the set-up for this experiment 
(Fig. 44).  
 
Figure 44: Schematic depicting an experiment testing the effect of weight on microcontact printing 
The regular protocol for indirect micropatterning would be followed, however, a weight 
would be added to the PDMS stamp to increase the contact between the stamp and glass coverslip. 
This would be held there for five minutes, so that variations in time would not have an effect on the 
efficacy of the experiment.  
Then, stamping time was tested. This experimental plan was similar to that used for 
micropatterning with various weights, and stamps were left to sit on the glass coverslip for 30 
second, 1-minute, 3-minute, and 5-minute time periods. Based on the literature review and the fact 
that the glass substrate is stiff, the team was not expecting for the stamp to achieve ideal patterning 
by increasing the amount of time the stamp was left on the glass. If the team was stamping on a 
softer, less stiff substrate, there could be more variability in the time the stamp is left on the glass 
(Elloumi et al 2010). Another parameter to be tested is the maneuver to remove the stamp from the 
glass. In literature, it is rarely specified the angle and maneuver the stamp is taken off the glass. 
However, after speaking with graduate experimenters in the lab, they have described concerns 
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they’ve had in the past when a pattern had been smudged, or an experiment has been compromised 
due to the action of trying to remove the stamp from the glass carefully. Finally, the team set up an 
experiment to test the angle at which the stamp would be applied to glass. In one study that 
detailed the success of a stamping device, the device applied the stamp straight down at 90-degrees 
(Elluomi et al 2010). In the lab, the stamp has been applied at different angles to test if the pattern 
would come out differently, so the team decided to test stamping at 90-degrees and at any angle 
similar to 45-degrees. The set-up for this experiment is shown in the schematic below (Fig. 45).  
 
Figure 45: Schematic depicting an experiment testing the stamping angle during microcontact printing 
Indirect microcontact printing will also be performed in this experiment to keep the results 
consistent. Unfortunately, the indirect micropatterning experiments were not successful when 
performing them by hand. The cells did not adhere to the protein on the patterned glass, did not 
stick to their confined geometries, or there were issues with the PA gel (Fig. 46). This was likely due 
to user error, which further highlights the need for a device to make microcontact printing more 
reliable and consistent in the hands of any user. 
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Figure 46: Experiments testing both weight and stamping angle failed, and the results can be seen here. 
Figures 46-A&B do not show any cell clusters, however in Figures 46-C&D there are some 
small portions of cell clusters that are beginning to form. The experiments were each performed a 
second time to hopefully obtain better results, but they were also unsuccessful in achieving 
consistent micropatterning. Because both rounds of the baseline testing were unsuccessful, there 
was not enough time to validate the device. However, after speaking with our advisor and our 
graduate advisor. The team was able to come up with ideas for validating the device without the full 
protocol of micropatterning. To test the amount of force that the device applies to every stamp, the 
team can set the device on a scale in the lab and then after lubricating the plunger in the PVC pipe, 
can measure the weight that the device naturally puts on the stamp. The mass in weight can then be 
converted to Newton’s to represent a force. Next, the team will test the even distribution of the 
force, and the angle at which the stamp is applied to the glass by inking a gridded stamp from one of 
the graduate experimenters with a marker. The ink will then be transferred to the glass, and the 
results can be qualitatively observed, and then quantitatively recorded by measuring the area of the 
filled in shape using Image J. Analyzing the outcome of the stamping after testing the maneuver of 
removing the stamp from the glass can also be quantitatively analyzed using ImageJ.  
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The success of using the microcontact printing method is dependent on the optimization of 
several steps and factors associated with the technique. Currently, the microcontact printing 
method is performed by hand, which can lead to unexpected human error and inconsistent results. 
To make this method reproducible, all sources of variance must be analyzed and minimized for ease 
of repeatability. This will allow for successful printings regardless of the individual performing the 
experiment. When analyzing the elements that affect microcontact printing it also remains vital for 
the scope of this MQP to contrast the effectiveness of an aspect with its compatibility with a cellular 
stamping device.  
After considering the alternative designs presented in Chapter 4, the team was able to build 
a prototype for a device for repeatable and uniform micropatterning (Fig. 47). This device could be 
manufactured for under $100, and all materials were purchased at local hardware stores. The body 
and the base of the stamping device was composed of wood. Wood was chosen over other possible 
materials, such as fiber glass or sheet metal, due to its price and building properties. It is also 
simple to cut and fasten wood without the need of large workshops or complex tools.  
The plunger is composed of PVC piping with a 50-gram weight attached to the base. To 
attach the PDMS stamp to the device, hinges were added to one side of the wooden base allowing 
for the base to be opened allowing full access to the underside of the plunger and the weight. Using 
adhesive tape, the PDMS stamp is then added to the underside of the weight and aligned with the 
glass coverslip. The plunger is then manually lowered by the user causing the PDMS stamp to come 
into direct contact with the activated glass coverslip. After stamping, the micropatterned glass 
coverslip must be used to polymerize a PA gel. This part of the micropatterning process is not 
included in the device design. 
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Figure 47: Final stamping device prototype fabricated to enhance microcontact printing 
This prototype was developed to eliminate the variability of the microcontact printing method, 
by better controlling the contact between the stamp and the glass coverslip. While a 50 g platform 
was added to the bottom of the platform to confirm consistent and evenly distributed force on 
every stamp, no validation tests were able to be performed to confirm the reproducibility or 
reliability of using this device because of the lack of baseline testing to compare the device testing 
to. However, this prototype offers a jumping off point for another MQP or a graduate researcher to 
increase the reliability of the microcontact printing method.   
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6. Final Design and Validation 
A method was adapted or designed to meet the needs of each individual sub-goal as stated 
in Chapter 4. They were then combined to meet the final project need to micropattern cells on a 
stretchable substrate of alterable stiffness with the measurement of cell traction forces.  
6.1. Method for Cell Mechanotransduction Studies 
First, indirect µCP was chosen as our final micropatterning method and was used to 
micropattern cells onto stretchable wells designed to fit into the four motor cell stretching device 
located in Professor Billiar’s lab. 
Then, to incorporate fiducial markers, a microbead solution was mixed into the PA gel 
prepolymer and dispersed throughout the matrix of the gel. This was a consistent and reliable 
method for adding fiducial markers to the PA gel, however because they are dispersed in the PA gel 
rather than dispersed as a uniform layer on top of the gel, they have reduced precision in the 
analysis of CTFs. 
These methods were combined to micropattern cells onto a stretchable substrate with the 
incorporation of fiducial markers for CTF analysis (Fig. 48). This was completed by indirectly µCP 
fluorescently tagged collagen onto a PA gel (Fig. 48-A), and then seeding cells onto the gel (Fig. 48-
B). The adhered PA gel contained fiducial markers dispersed throughout the substrate (Fig. 48-C). 
This was all adhered to a stretchable substrate which could incorporate cell stretching (Fig. 48-E).  
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Figure 48: A) Micropatterning of collagen was successfully completed onto a PA gel. B) Cells were successfully incorporated 
onto the ECM protein. C-D) Fiducial markers were successfully incorporated into the PA gel substrate for measurement of 
CTFs. E) All of this was incorporated onto a stretchable well which can be used to stretch cells on the Billiar Lab’s dual-motor 
cell stretching device. 
In addition, to successfully micropatterning onto a stretchable substrate with the 
incorporation of fiducial markers, micropatterning was achieved on PA gels with levels of stiffness 
varying from 10-40 kPa (Fig. 49). The resolution of the micropatterning was lower on the lower 
stiffness gels. It was unclear if this was because the stamp used to pattern was degraded, or if it was 
due to a change in cell behavior in response to changes is substrate stiffness.  
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Figure 49: Micropatterning was achieved on substrates with a stiffness value of A) 40 kPa, B) 14 kPa, and C) 10 kPa. Cell 
clusters were well defined on 40 kPa gels, but were of lower resolution on softer gels 
It was also determined that using “Mark & Find” functionality on the Zeiss microscope was a 
suitable method for relocating cells after a defined period of time. To validate this method, the 
distance between the original and relocated cells were measured, and yielded an average resolution 
of 57 µm with a standard deviation of 7 microns using seven iterations of the “Mark & Find” 
functionality. This resolution was adequate for monitoring changes in cell size, morphology, and 
orientation, but it was not high enough of a resolution for cell traction force analysis. Using the 
“Mark & Find” functionality will allow cells to be monitored through the duration of cell 
mechanotransduction studies to better understand how cell behavior changes over time. 
Throughout this project, it was observed that the microcontact printing method used for 
micropatterning was prone to error and variability. Sometimes the method would perfectly 
micropattern a PA gel, while other times there were no patterned cells at all. Issues with the 
micropatterning method includes double printing due to slight movement of the stamp done 
accidentally by the hand and no patterns occurring due to poor contact between the stamp and 
substrate. To ameliorate these issues and to increase the repeatability of the µCP method, a 
stamping device was developed in order to enhance the contact between the stamps and the 
substrate allowing for more repeatable µCP and eliminating some sources of human error. 
6.2. Manufacturing 
It is important that manufacturability is considered during the design process. This can help 
keep costs low through implementing well-established manufacturing methods. Considering 
manufacturability is also important so that others doing future work in this area can implement or 
recreate our designs (Appendix B.1, B.8). 
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6.2.1. Wafer for Stamps for Microcontact Printing 
In completion of this project, a stamp for micropatterning needed to be manufactured. This 
was achieved through micromachining a wafer using photolithography. To do this, a design was 
fabricated using CAD and DraftSite software. Then, a mask was obtained with the detailed pattern. 
This was used to etch the desired pattern into a silicon wafer through adding a photoresist to the 
wafer and then aligning the mask. Light is exposed to the wafer and mask and the photoresist is 
removed where the mask lets the light in. Then, the wafer is etched around the photoresist (Fig. 
50). 
 
Figure 50: Manufacturing process for a wafer used to make stamps for microcontact printing 
After the wafer was developed, it was added to a container with a flat bottom. PDMS, a 
silicon-based polymer, was casted into the well. The casted polymer was then cut out of the 
container leaving the PDMS stamps with the wafer pattern engraved on the surface. 
Silicon wafer and microfabrication methods follow standards set by the National Institute of 
Standards and Technology (NIST) (Appendix B.4). This includes the thickness of the film used for 
the mask, the dimensions, and the electrical resistivity of the silicon. In addition, the silicon wafer 
used must be manufactured as a single-crystal with very low impurities. These wafers are 
purchased from secondary companies who follow ISO 9000, ensuring that the wafers undergo 
sufficient quality management and assessment (Appendix B.1).  
6.2.2. Manufacturing Stretchable Wells for Cell Stretching 
Stretchable wells for cell stretching were used to be able to stretch cells in the cell 
stretching device created by another MQP in 2012. These were manufactured using a silicon-based 
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elastomer called PDMS. Important aspects that had to be considered when developing PDMS wells 
was that they were of an adequate stiffness so that they could be stretched for long time periods 
without breaking or undergoing stress relaxation. The stiffness of PDMS can be changed by altering 
the percentage of cross-linker composing the plastic. Standard tests to understand the tensile 
(D638-14) and stress relaxation (D2990-17) profiles of plastics and elastomers are detailed by the 
American society for Testing and Materials (ASTM). ASTM also puts out standards for optical 
properties which must be considered when manufacturing a well which can be imaged via light 
microscopy (D1056-14) (Appendix B.5). 
6.2.3. Manufacturing the Cell Stamping Device Prototype 
All materials used when manufacturing the prototype are readily available at local 
hardware stores. In addition, the device could be developed using basic machine tools. The base of 
the device was simply three fastened pieces of wood, and the plunger was composed of a PVC pipe 
(Appendix B.1, B.8).  
6.3. Sustainability 
The cell stamping device is made from durable wood and PVC piping. It has a thick layer of 
waterproofing latex paint applied to the outside in order to protect the device from degradation 
due to moisture or environmental chemicals. This will allow the device to be used for many years 
without needing to be rebuilt or depleting natural resources (Appendix B.1, B.5, B.8). 
Stamps used for microcontact printing were built from a silicon-based elastomer. 
Sustainability must be considered when using plastic materials due to their resistance to 
degradation, especially when added to a land fill. The elastomer stamps were very small and could 
be reused many times before being discarded which will help maximize their sustainability 
(Appendix B.1, B.4). 
6.4. Ethical Concerns 
Minimal ethical concerns were present with these methods. One ethical consideration was 
the use of mammalian cells which were used in micropatterning experiments. Many mammalian 
cells are obtained from slaughtered animals, and could cause concern with animal rights groups 
such as PETA. 
70 
 
6.5. Health and Safety 
Minimal health and safety concerns were present with this method. Researchers using the 
adapted method would need to be sure to follow standard lab protocols to ensure their safety. The 
indirect microcontact printing method does not use any caustic chemicals, while the direct method 
does. If the direct method is used, which is not part of our adapted method, then care must be taken 
when functionalizing PA gels using toxic chemicals. This can be accomplished through working in 
the fume hood. Polyacrylamide waste is also toxic. This risk is minimized by using gloves while 
handling PA gels. Additionally, PA waste should be disposed of in the proper bin. Overall, all 
researchers should be instructed in lab safety in accordance to OSHA requirements. Following those 
guidelines will allow the adapted method to be used safely (Appendix B.2, B.6).  
6.6. Economics 
The team was given a budget of $1000 at the beginning of the project, and this was managed 
throughout the project (Appendix C). A device for cell stamping was manufactured for under $50. 
The price per experiment was also calculated and is under $2. The low cost of this method makes it 
suitable for use by many researchers. Research on novel medical devices or clinical treatments 
could be done for low costs. These experiments could provide better tissue engineering or 
mechanical properties to medical devices. This could add value to the medical device market by 
utilizing information gained from studies which use our adapted method for studying cell 
mechanotransduction.  
6.7. Environmental Concerns 
The main environmental concerns with this project come from the use of plastics during the 
experiments. These plastics are used for cell culture, mixing solutions, storage, and more. After they 
are used, they are discarded into biohazard and are incinerated.  
6.8. Societal Impacts 
This method provides a better model about how cells respond to mechanical cues. 
Knowledge gained from mechanotransduction studies can be incorporated into new medical 
devices. This can help increase the quality of life for people with various diseases or injuries. 
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6.9. Political Implications 
Currently, science agencies are facing budget cuts due to the new administration. These 
science agencies fund the researchers that would be using the method designed in this MQP. This is 
a political problem which threatens biomedical research and which could affect how this method is 
used. 
In addition, many micropatterning experiments use stem cells. There is controversy about 
using embryotic stem cells in research since these are taken from human embryos. Not all stem 
cells are embryonic, however, and often adult stem cells, amniotic stem cells, and induced 
pluripotent stem cells are used, and there is little controversy associated with these cells. 
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7. Discussion 
The goal of the project was to develop a method to combine substrate stiffness, geometrical 
confinement, and cell stretching for cell mechanotransduction studies. To accomplish this goal, the 
team divided the project into five sub-goals which involved micropatterning, using stretching 
device, measuring cell traction forces, being able to relocate cells, and creating a stamping device. 
7.1. Micropatterning   
The first sub-goal of this project involved developing and verifying of a method to 
successfully pattern cell clusters onto a substrate of alterable stiffness. After several 
micropatterning methods were reviewed, the team decided to focus on a technique called 
microcontact printing due to cost, time, and lab space. In the past, Professor Billiar’s lab has used 
direct microcontact printing, but the team decided that both direct and indirect microcontact 
printing would be considered.   
Direct microcontact printing was considered, but some challenges were encountered. The 
first problem that was encountered was that the chemicals used to activate the PA gels (where cells 
would be grown) would cause the stretchable PDMS wells to become brittle. These 
functionalization chemicals are also toxic and therefore presented health risks which the team 
wished to minimize. Another challenge was presented when stamping onto a soft substrate. The 
soft gel would rise around the stamp and cause the patterned areas to be much less defined. 
Because of these limitations with the method, an alternate microcontact printing method was 
reviewed and considered.  
This method is called indirect microcontact printing and involves micropatterning protein 
onto activated glass coverslips then transferring the protein clusters onto the PA gel.  This will 
allow mechanobiologists to achieve clear and consistent cell clusters on substrates of varying 
stiffness. The team was also able to successfully use indirect µCP to micropattern onto stretchable 
wells for use in future cell stretching experiments. Due to these factors the indirect method was 
determined to be more suited to the needs of this project. However, there was still variability in the 
clarity and consistency of the patterned cell clusters. This variability was seen in general variance 
between experiments and experimenters. Additionally, cases of insufficient contact between the gel 
and the stamp causing minimal or no creation of protein patterns would fail to have any protein 
patterns. Overall, there was seemingly random variance between experiments. 
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7.2. Stretching Device  
After the team verified that micropatterning could be achieved on stretchable wells 
compatible with the 4-motor cell stretching device, it was necessary to verify the strain profile of 
the cell stretching device. After considering commercial stretching devices, such as the Flexcell, and 
devices presented in research such as the microwell stretching device, the team decided to utilize 
the 4-motor stretching device currently used in the Billiar lab. This stretching device involves 
patterning of cell clusters on a custom PDMS well, and then stretching the well either uniaxially or 
biaxially. Based on meeting with the client, the desired strain was to be set at 10% at a frequency of 
1 Hz in both uniaxial and biaxial strain. This specific strain profile was verified as described in 
Chapter 5.  
7.3. Cell Traction Force  
In order to quantify mechanotransduction, it was important that the final method also 
provided a method for quantifying cell traction force measurements.  To achieve this, fiducial 
markers were incorporated into the final method. These fluorescent microbead markers can be 
added to a cell culture surface, and as cells contract their cytoskeleton, they displace the fiducial 
markers. This displacement can be transformed into force using analysis software. These measured 
forces provide a quantifiable indication of cell mechanotransduction. In order to do this, the team was 
then faced with the challenge of incorporating these microbeads into the micropatterning method. 
As described in Chapter 4, many alternative designs were considered which involved changing 
characteristics of applied heat or the hydrophilicity of the beads through plasma cleaning. The final 
design involved mixing the fiducial markers into the PA gel prepolymer so that they would be 
dispersed in the matrix of the gel. This method consistently adds the fluorescent microbeads and 
can be used to adequately measure CTFs. However, because the beads are suspended in the matrix 
of the gel rather than in a uniform layer on the surface, they will offer slightly lower resolution than 
would be achieved if the fiducial markers were adhered in one layer. The ability to measure CTF’s 
on micropatterned cell clusters will allow mechanobiology researchers to add a further step of 
analysis to cell mechanotransduction studies. 
7.4. Cell Relocation  
In order to accurately study the effects of mechanical stimuli on cells, the team had to 
investigate relocating specific cell clusters during stretching experiments. Tracking cell clusters 
would allow for one group of cells to be monitored over long term mechanotransduction studies. 
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Because cells exhibit a lot of variability depending on their surroundings, this will allow for 
decreased variability within an experiment. A method for cell relocation was achieved through 
using the automated stage function on the Zeiss microscope. The method was successful and the 
average resolution for this method was 57 µm with a standard deviation of 7 microns, which was 
under the 200 µm constraint. However, in order to use “Mark & Find” to track fiducial markers in 
CTF analyses, the resolution of the relocation method must be increased.  
7.5.  Stamping Device  
In addition, a cell stamping device was built in order to make micropatterning easier and 
more reproducible by increasing the contact between the PDMS stamp and substrate and 
eliminating variability between individual performing the experiment. The microcontact printing 
method currently used in the lab is done by hand, and can lead to problems with the clarity and 
consistency of the pattern. Based on the literature review, and performing this method by hand, the 
team found that the variance between each experiment likely comes from the amount of force being 
applied, the angle at which the stamp is applied on the glass, the distribution of force on the stamp, 
and the amount of time the stamp is in contact with the glass.  A prototype was developed using a 
pressure-controlled plunger and contained a platform made from a 50g weight.  This platform can 
hold one stamp via a removable adhesive, and the base of the device lifts up by a hinge for easy 
loading of the PDMS stamp. This prototype must be further tested in the future to optimize its 
force-profile. It was designed to be easily modified to include angled stamping in case it is 
determined that it is an important factor in µCP. In the future, more experiments will have to be run 
to test the viability and success of this device to ensure that it eliminates the human error when 
printing by hand. The overall device can be modified further such as through the inclusion of a 
clamp that will grip the stamp to further reduce variability when stamping and make the adhesion 
of the stamp more reliable and sustainable than when using a disposable adhesive.  
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8. Conclusion and Recommendations 
A method for stretching cell clusters on substrates with various levels of stiffness was 
successfully adapted from existing micropatterning methods. In order to design the final method, 
the goals and tasks of this project were divided into five sub-goals. Using indirect microcontact 
printing, fiducial markers, and the “Mark & Find” feature on the Zeiss microscope, the team was 
able to pattern cell clusters onto hydrogel substrates with different levels of stiffness. We were also 
able to select and verify a system for cell stretching. In addition, we were able to track cell clusters 
throughout the course of a timed experiment. Additionally, the team was able to create a prototype 
of a cell stamping device that could be further developed to reproducibly pattern cell clusters onto a 
stretchable substrate using the indirect microcontact printing method. 
A literature review and experimental plan were developed for each sub-goal in order to 
validate a final method. The team verified indirect microcontact printing as the selected 
micropatterning method and the team was able to micropattern onto flexible wells for cell 
stretching. In addition, the team was able to develop a method to incorporate fiducial markers by 
mixing them into the PA gel matrix. Using the automated stage function on the microscope, the 
team was also able to relocate cell cluster though the duration of an experiment. The strain profile 
of the cell stretching device was also verified. Lastly, the team was able to combine all of these sub-
goals into one unit and verify that they all function together. 
This adapted method will allow for mechanobiology researchers to apply cell stretching, 
substrate stiffness, and geometric constraint to cells in vivo. This will provide a better model for cell 
mechanotransduction studies. Knowledge from these studies can improve understanding of 
processes such as apoptosis, angiogenesis, and wound healing. Additionally, this could impact 
understanding of how diseases such as muscular dystrophy and spinal cord injuries occur on a 
cellular level and provide insight into how these diseases could be better treated. This method is an 
in vitro research technique that is aimed to accurately represent in vivo conditions, allowing for the 
application of additional parameters to study cell response to mechanical stimuli. 
Lastly, one concern that the team noticed with the “Mark & Find” functionality on the Zeiss 
microscope is that the insert for the stage can be moved around especially when loading and 
unloading a sample from the stage. Since “Mark & Find” uses a built-in coordinate system to re-
locate areas on the sample, it is necessary to return the sample to the same position on the stage 
every time the sample is observed. Therefore, the team designed a custom build platform that 
would fix the sample to the stage and decrease the likely of the sample to move (Fig. 51). The four 
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posts that go outward are used to fix the PDMS well to the microscope stage. The one potential 
down fall for the stage is it may not fit every sample. However, this stage will increase accuracy of 
returning to the same spot on the sample at different time intervals. 
 
Figure 51: Design for a custom-built, fixed microscope stage that will fix a PDMS well into place 
Testing how each of these factors affect microcontact printing could allow for a better 
understanding of the method and allow for the device prototype to be enhanced. These 
recommendations can increase the effectiveness of the method proposed in this MQP, the 
reproducibility and ease of use, and lead to further research applications of the method. 
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Appendix 
Appendix A: Professional Standards and ABET Requirements 
1. Engineering Design Process 
a. Revised Client Statement 
i. The revised client statement for this project can be found in Chapter 3 
Section 4 and the client statement is used to define what the goal of the 
project and how we are going to accomplish that goal. 
b. An open-ended need for such a device/system/experiment 
i. The open-ended need for the project is Chapter 3, the project strategy. 
c. The engineering problem was defined 
i. The team used the initial client statement, found in Chapter 3 Section 1, to 
define the engineering problem. 
d. Design criteria stated 
i. The engineering problem is divided into five sub-goals. 
1. Micropatterning cell clusters onto stretchable substrates  
2. Determining a method for cyclically stretching cell clusters   
3. Using fiducial markers to measure CTFs  
4. Relocating geometrical constructs of cells 
5. Increase the repeatability of the micropatterning method 
e. Alternative designs were developed and reviewed 
i.  Chapter 4 consists of the alternative designs for each sub-goal. 
f. At least one design was analyzed 
i. For each sub-goal, the team analyzed four alternative designs, which are 
found in Chapter 4, and the results of these tests are found in Chapter 5 
g. The final design was fabricated 
i. The final designs for each sub-goal were created as mentioned in Chapter 5 
h. The final design was tested 
i. The final designs for each sub-goal were tested in Chapter 5 
i. Appropriate engineering standards were considered in the design element 
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i. The engineering standards considered for the project are found in Appendix 
B 
2. Manufacturability and sustainability 
a. The engineering standards for manufacturability and sustainability are found in 
Chapter 6 Sections 2-3 
3. Ethical concern, health, and safety issues 
a. The ethical concern, health, and safety issues are found in Chapter 6 Sections 4-5 
4. Economics, Environmental, and Societal Ramifications 
a. The economics, environmental, and societal ramifications are found in Chapter 6 
Sections 7-9 
5. Knowledge of contemporary issues 
a. The team conducted a literature review on current studies and methods of 
mechanobiology found in Chapter 2 
 
Criteria ABET Criteria Pages 
3c Revised client statement 12 
3c An open-ended need existed for such a device/ system/ process/ 
experiment 
9-13 
3c The engineering problem was defined 9 
3c Design criteria stated  12-13 
3c Alternative designs were developed and reviewed 14-46 
3c At least one design was analyzed 14-46 
3c The final design was fabricated 47-60 
3c The final design was tested 47-60 
3c Appropriate engineering standards were considered in the design 
element 
66-68, 
81-86 
3f, 3h Manufacturability and sustainability 66-68 
3f, 3h Ethical concern, health, and safety issues 68-69 
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3h Economics, environmental, and societal impact and political 
ramifications 
69-70 
3j Knowledge of contemporary issues 4-8 
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Appendix B: Engineering Standards Considered 
B.1 ISO 9001 
This standard is titled "Quality Management Systems", and is used to ensure that a device 
meets the requirements of the customer or client. This standard is used for the cell stamping device 
in order to ensure the device will work as it is supposed to. In addition, if the device is replicated, 
then the new manufactured device will uphold its quality and benefits. These standards are also 
considered when creating a silicon wafer in that the wafer must uphold the quality and purpose of 
the wafer 
B.2 ISO 14001  
This standard is called 'Environmental Management Systems" and it is used to determine 
how the experiments are affecting the environment. The standard has a framework that can be 
followed in order to make sure the experiments will only positively affect the environment. 
Additionally, that safety standards are followed in order to insure the health and safety of the 
experimenters. 
B.3 ISO 11137 
This standard is called "Sterilization of Health Care Products" and it is used to make sure 
products are sterilized based on the material's sterilization dosage. This standard will decrease the 
likely of containing in an environment, specifically in a laboratory for this project. This is important 
for any experiment using cells since cells need to be maintained in a sterile environment. If this 
method is incorporated into a medical device in the future, it is critical that the device and the cell 
environment are maintained sterile. 
B.4 NIST Standards for Silicon wafer  
The National Institute for Standard and Testing (NIST) has set standards for using Silicon 
materials and for single crystal wafers. These were considered when designing the silicon wafer 
used for manufacturing stamps for microcontact printing. 
 SRM 1994: This is the standard for silicon single crystal wafer for crystalline 
orientation. This standard details the thickness and diameter of a standard silicon 
wafer and its crystal orientation. This is important in this project for 
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micromachining the silicon wafer for manufacturing a stamp for microcontact 
printing. 
 SRMs 656, 676a, 674b, 1878b, and 1879: These are standard materials for making 
high phase purity materials. It is important that purchased wafers for microcontact 
printing are high quality, single cell material in order for high quality control.   
B.5 Testing and materials standards 
 ASTM D638-14: This standard describes the test method for the tensile properties 
of plastics. This is important to consider when choosing a material for cell stretching 
experiments.  
 ASTM D2990-17: This standard describes the test methods for tensile, compressive, 
and creep in plastics. This is important for the flexible well used for cell stretching 
because it must maintain the same strain profile after being stretched for several 
hours, and must be designed to resist creep and stress relaxation. 
 ASTM D1056-14: This standard details specifications for flexible elastic materials. 
This includes processing, testing, and environmental standards. Since we will be 
using flexible polymer wells for cell stretching experiments, it is important that we 
consider standards for this flexible plastic material. 
B.6 OSHA Lab Safety 
These standards are used to regulate health and safety standards in a workspace, 
specifically for this project in the laboratory. The team had to go to a training workshop in order to 
be allowed to experiment in the laboratory and to be aware of these standards. Use of these 
standards in the laboratory, will decrease the chances of a hazard free workplace. 
B.7 ISO 21748  
These standards are titled “Guidance for the use of repeatability, reproducibility, trueness 
estimates in measurement uncertainty estimation”. The team used this standard for measuring the 
differences in data, such as measuring the average distance between cells using the "Mark & Find" 
functionality.  
B.8 Manufacturing and Production Standards:  
These standards are from the American National Standards Institute and are used to 
regulate the function of automated machines in a productive line. This standard can refer to the 
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materials that were purchased to create the stamping device since many of those materials are 
mass-produced at a high rate. Additionally, if the stamping device is popular and made on a 
production line the machines creating the stamper parts would abide by these standards. 
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ISO 
Appendix C: Project Budget 
Materials for microcontact printing 
 
Materials for stamping device 
Item Cost 
Wood $7.68 
Epoxy $5.48 
PVC Pipe & 
Plunger $1.97 
Screws (1/4) $0.26 
Screws (3/4) $3.38 
Gorilla glue $5.47 
Silicon lubricant $3.98 
Sand paper $4.15 
Command Strips $3.96 
Tax $3.55 
    
Total $39.88 
  
Materials for the Wafer 
Item  Cost 
CAD Software  $0.00 
DraftSight Software $0.00 
Wafer Template $121.00 
Wafer Manufacturing $89.00  
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Appendix D: Protocol for creating custom polymethylsiloxane (PDMS) wells for 
cell stretch device.  
This protocol was developed by Heather Cirka, modified from Jennifer Mann (WPI MQP team 2012) 
 
The purpose of this experiment is to create PDMS wells which can be used with the cell 
stretch device. PDMS wells are able to be treated so they can attach to polyacrylamide gels (see 
appendix D) to allow for traction force studies. It has been noted that 1:10 PDMS was too rigid and 
ripped which stretched 10%, therefore 1:15 PDMS (cross-linker:base mass ratio) was used for 
uniaxial experiments and 1:20 PDMS was used for equibiaxial experiments. 
Materials: 
 Well mold (3 pieces of polycarbonate) 
 Metal spacer 
 5 ×
1
4
 inch No. 8 screws 
 4 × 1 inch No. 6 screws 
 Polydimethylsiloxane base and cross-linker 
 Scale 
 Weigh boat 
 Transfer pipette 
 Vacuum desiccator 
 House vacuum 
 ½ inch long metal pins 
Methods: 
Creating PDMS wells 
1. Place weigh boat on balance and tare machine 
2. Measure enough PDMS base to fill the four well mold. (About 60 g) into weigh boat 
3. Add desired amount of cross-liner. For 60g and wells for uniaxial experiments, add 4 g of cross-
linker 
4. Mix vigorously and thoroughly with transfer pipette 
5. Place weigh boat in desiccator under house vacuum for 1 hour 
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6. While under vacuum, prepare the mold: 
a. Ensure that the mold is clean, take care not to scratch the bottom surface of the mold as it 
will effect stretch of the wells. It is better to use your fingers to rub off PDMS from 
previous runs than Kim wipes or paper towels 
b. Using ¼ inch No. 8 screws, screw together bottom piece, metal spacer and middle piece 
7. When PDMS has been under vacuum for one hour, carefully pour PDMS into mold. Take care as 
to not form any bubbles 
8. If bubbles do form, use N2 gas air gun or scalpel blade to pop them. Additionally, mold can be 
placed in desiccator (Pins lab) for one hour to remove any bubbles 
9. Carefully top of mold on top of PDMS, again take care as to not form any bubbles as bubbles 
formed with the cover are even more difficult to remove. 
10. Secure top of mold with 4 x 1-inch No. 6 screws.  Do not over tighten screws!! Over tightening 
the screws “arcs” the top plate and you well will have an un even thickens 
11. Place mold onto two test tube holders so that the sides are supported and the mold is level. If the 
mold is tilted, wells will not be a uniform thickness 
12. Heat oven to 65 degrees. Allow PDMS to polymerize for five hours. Best results were found for 
molds polymerized at 5 hours, do not leave molds overnight. 
13. Remove from oven and place on bench top to cool to room temperature 
Removing polymerized wells from mold 
Extreme care must be taken when removing well from the molds as the molds are very delicate and the 
bottom membrane is easily torn. If difficult is found with removing the wells, the mold can be coated with 
a silence (details below). One coating of the silane is good for many runs of making molds. 
Ensure that the mold has cooled to room temperature. Do not attempt to remove the wells if the mold is 
warm. 
1. Fill a glass Pyrex dish with 70% ethanol and completely submerge the well. 
2. Using pliers remove metal pins, wipe pins with Kim wipe to remove ethanol and prevent rusting 
3. Remove screws holding top mold and bottom mold in place 
4. Let mold sit undisturbed in ethanol for 5-15 minutes. 
5. Gently pull up on bottom layer mold, alternate sides to be even, bottom layer of mold should 
easily release. 
6. Using scalpel blade, liberate the metal spacer carefully from the PDMS. Take care not to tear the 
membranes. 
7. Push corners of wells through the middle layer of the mold to the top of the mold side. Carefully 
pull up on mold to pull wells “through” the middle layer and separate the middle layer from the 
top. Sometimes wells attach to the inserts of the top layer of the mold, but should peel away 
easily 
Schematic of custom PDMS mold creation: 
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Notes: If wells are difficult to release, mold may be put into -20 for one hour and then brought up to room 
temperature for one hour prior to removal of wells. Working with the mold when it’s not at room 
temperature can lead to breaking of the mold. 
Additionally, if mold is still difficult to separate, mold can be silanized with a silane. 
Very Important! There is an established vacuum desiccator for this! MUST BE DONE IN THE 
HOOD. Silane is a carcinogen and very dangerous to your lungs. 
Cleaning Mold 
Care must be taken to clean the mold in between “runs”. If any PDMS is left on the mold, particularly the 
metal spacer, the wells will have an altered thickness, and potentially un-uniform thickness 
 
  
92 
 
Appendix E: Grafting PA Gels onto PDMS Wells 
This method was adapted by Zachary Goldblatt from the Alford Lab 
Necessary Items: 
 Benzophenone Solution 
 Methanol 
 Vacuum/Desiccator 
 PA Gel 
 UV Light 
 PBS 
 Bovine Serum Albumin (BSA) 
 
Protocol: 
1. Prepare benzophenone solution – protect from light and store in flammables. 
a. 10% benzophenone w/v 
b. water/acetone at 35:65 v/v mixture 
For 50mL solution → 5g benzophenone, 17.5mL DI water, 32.5mL acetone 
2. Clean PDMS wells with ethanol (sonicate) and fix glass slide to bottom (squeegee with ethanol). 
3. In chemical hood, place ~500µL of benzophenone solution onto PDMS, covering the area where 
you want the PA gel to stick. Cover from light. 
4. Let soak for 1min and properly dispose of benzophenone solution in waste. 
5. Rinse 3x with methanol and properly dispose of methanol in waste. 
6. Place in vacuum for 30min. Cover from light. 
7. Vent desiccator with N2. 
8. Prepare polyacrylamide gel solution – place 50µL droplet of PA gel onto PDMS well. Cover with 
circular coverslip. 
9. Place PDMS, PA gel, and glass coverslip under UV light and let gel polymerize at RT for ~30-
40min. May require more time if using a softer gel. 
10. Soak gels in PBS for >15min and remove coverslip. 
11. Incubate gels in 4%BSA/PBS solution at 37°C for 45min. 
a. 0.2g BSA/5mL of PBS 
12. Rinse 3x with PBS and soak in PBS/antibiotics at 37°C for 72hrs. 
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Appendix F: Direct Microcontact Printing 
This method was obtained from Heather Cirka (20 June 2016) 
Necessary Items 
 Activated PA gels on PA gels on glass coverslips/PDMS wells 
 10 mg/ml collagen solution 
 50 mM sodium acetate buffer 
 Sodium periodate crystals 
 PDMS stamps 
 N2 air guy 
 Vacuum/desiccator 
 PBS, DI water, Ethanol 
Protocols 
1. Prepare collagen solution for 15 ml conical tube: 
a. 1 ml of 1 mg/ml collagen -> 1:3 dilution of 3.2 mg/mL collagen in 0.1 M acetic acid 
b. 9 ml of sodium acetate buffer 
c. 3.6 mg of sodium periodate 
Incubate solution at RT for 30 min 
2. Clean PDMS stamps with DI water, EtOH, and DI water again. Dry completely with air gun. 
3. Soak stamps in collagen solution for 45 min at RT with stamps facing up and collagen solution 
just covering the top of the stamps. 
4. Dry activated PA gels in vacuum – time varies 
5. Partially dry stamps with N2 gun until they are damp, but not visible droplets 
6. Place stamps on PA gel for >1 min 
7. Remove stamp and soak gel in PBS/antibiotics in 4℃ overnight 
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Appendix G: Indirect Microcontact Printing 
This method was adapted by Zachary Goldblatt and Sydney Gustafson from a method obtained from 
Heather Cirka (Appendix E) 
Necessary Items 
 Activated PA gels on PA gels on glass coverslips/PDMS wells 
 10 mg/ml collagen solution 
 50 mM sodium acetate buffer 
 Sodium periodate crystals 
 PDMS stamps 
 N2 air guy 
 Vacuum/desiccator 
 PBS, DI water, Ethanol 
Protocols 
1. Prepare collagen solution for 15 ml conical tube: 
a. 1 ml of 1 mg/ml collagen -> 1:3 dilution of 3.2 mg/mL collagen in 0.1 M acetic acid 
b. 9 ml of sodium acetate buffer 
c. 3.6 mg of sodium periodate 
Incubate solution at RT for 30 min 
2. Clean PDMS stamps with DI water, EtOH, and DI water again. Dry completely with air gun. 
3. Soak stamps in collagen solution for 45 min at RT with stamps facing up and collagen solution 
just covering the top of the stamps. 
4. Partially dry stamps with N2 gun until they are damp, but not visible droplets 
5. Place stamps on a glass coverslip for >1 min 
6. Polymerize a PA gel between an activated glass coverslip and the micropatterned glass coverslip 
7. Remove top glass coverslip and soak micropatterned PA gel in PBS/antibiotics in 4℃ overnight 
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Appendix H: Preparing Bead Glass 
The purpose of this protocol is to evaporate microbeads onto glass coverslips. The coverslip can then be 
placed upon un-polymerized polyacrylamide gel droplets so that a uniform layer of beads becomes 
attached to the gel. 
Materials: 
 100% ethanol 
 Plasma cleaner (chemistry lab) 
 Fluorescent microbeads 
 22 mm square coverslips. (Note: 22 mm circular coverslips and 25 mm square coverslips have 
also been used) 
 1.7 ml Eppendorf tube 
 Vacuum Oven (Wen Lab) 
 Ceramic coverslip rack 
 Sonicator 
 500 ml beaker 
 Coverslip tweezers (electron microscopy science) 
 Brass test tube rack  
Methods: 
1. Heat oven 140 − 150℃. The temperature is critical, too hot and bead solution evaporates causing 
bead clumping, and too cold and beads clump together forming a cobble stone appearance 
2. Create a 0.5% bead solution in an Eppendorf tube with 1 mL of 100% ethanol and 5 µL of bead 
solution 
3. Place coverslips in coverslip rack 
4. Add to 500 ml with ethanol 
5. Place both the beaker with the coverslips and the Eppendorf tube in a sonicator for 5 minutes 
6. After sonication, remove coverslips and place in oven to dry. When dry, using coverslip tweezers 
remove from the coverslip rack and place in a petri dish to carry to the UV plasma cleaner 
7. Place coverslips in plasma cleaner (instructions posted next to device in chemistry lab) 
8. Clean for ~1 minute at full power. (Note: use coverslips within 10 minutes after cleaning. Wait 
until oven is sufficiently hot prior to starting this step). 
9. Place 6 coverslips (no more than 6 at one time, if more see note below) on a flat surface (bass 
test-tube rack) that is compatible with high temperature 
10. Add 35 µl of bead solution to 22 mm coverslip (if using different size coverslips, adjust volume 
accordingly 
11. Wait 10 seconds as the ethanol solution spreads out along the coverslip prior to placing in the 
oven. 
12. After placing in the oven, pull a vacuum until the gauge reads -20 
13. Release vacuum, and coverslips are ready to use. 
Note: if doing more than six coverslips, the brass test tube rack must be used prior to re-use. This can 
be cooled on the bench or quenched in ice chest. 
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Appendix I: Project Presentation Day Abstract 
 
97 
 
 
